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THE PARTITION OF THE SERUM GLOBULINS OF THE 
DAIRY GOAT* 


By k. P. REINEKE, V. E. PETERSON, ann C. W. TURNER 


(From the Department of Dairy Husbandry, University of Missouri, 
Columbia) 


(Received for publication, November 23, 1938) 


During the course of investigations in progress in this laboratory 
on the blood precursors of milk constituents, there was need for a 
method of determining accurately the different fractions of the 
serum globulin complex of the dairy goat. Reports in the litera- 
ture do not agree as to the number of globulins that are present 
in blood plasma or serum, nor the extent to which they can be 
separately determined in routine analysis. 

In the method of Howe (1, 2) a euglobulin and two pseudo- 
globulin fractions are determined by precipitation with sodium 
sulfate. Campbell and Hanna (3) published a similar method for 
human serum, using sodium sulfite as the precipitant. By the 
use of increasing concentrations of methyl alcohol, Liu and Wu 
(4) obtained breaks in precipitation of the serum proteins of the 
dog, ox, horse, and sheep corresponding to euglobulin, pseudo- 
globulin, and albumin. Butler and Montgomery (5) and Roche 
et al. (6) reported breaks in the solubility curves of horse sera that 
indicated the separation of euglobulin and one pseudoglobulin. 
In the case of human serum, however, they state that no convinc- 
ing evidence of a break in solubility was obtained over the entire 
globulin range. 

In addition to a “globoglycoid” separated from crystalline 
albumin, Hewitt (7) announced the separation of three main 
types of globulin fractions, including two euglobulins and one 
pseudoglobulin. Each of these globulins was divided further into 
three fractions of different carbohydrate content. Tiselius (8) 


* Contribution from the Department of Dairy Husbandry, Missouri 
Agricultural Experiment Station, Journal Series, No. 586. 
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2 Partition of Serum Globulins 


presented evidence of three globulins in horse serum, differing in 
their electrophoretic properties. Stenhagen (9) reported cor- 
responding results for human serum. Supporting evidence for 
the existence of three globulin fractions in the serum of cattle is 
given by Howe (10) who reported that the blood of new born 
calves remains extremely low in its content of euglobulin and 
pseudoglobulin I until after colostrum is ingested. 

Whether or not there is actually a difference in the number of 
globulins contained in the sera of different species, it appears that 
globulin fractions can be prepared which differ considerably in 
their solubility patterns, and in the extent to which they may be 
partitioned in single precipitations by the salting-out technique. 
Thus it seemed questionable whether methods of fractionation 
evolved for the determination of the plasma or serum proteins of 
other species wor'd apply in the case of the goat. The experi- 
ments reported in this paper were conducted in order to gain some 
information on this point. 


EXPERIMENTAL 


Blood samples were drawn from the abdominal mammary vein 
or carotid artery of goats, in flasks coated with potassium oxalate, 
and were centrifuged immediately to remove the plasma. The 
globulins were precipitated from separate portions of plasma by 
the use of a graded series of sodium sulfate solutions, ranging in 
concentration from 14 to 24 per cent and differing by intervals of 
l percent. Since high dilution of the samples has been shown to 
effect a more complete separation of fractions (1, 3, 11, 12), all 
precipitations were carried out at a dilution of 1:31. 

15 ml. of sodium sulfate solution were added to duplicate 0.5 
ml. portions of oxalated plasma. The plasma sulfate samples 
were placed in an incubator at 38° and allowed to remain, with 
occasional shaking, for at least 3 hours or until precipitation was 
complete. The samples were filtered twice at 38° through What- 
man No. 50 filter paper. Total nitrogen was determined on the 
filtrates by the official Kjeldahl method. 

The results are plotted as the mg. of nitrogen remaining in the 
filtrate per 100 cc. of plasma, against the per cent of sodium 
sulfate in the solution; and also as the log of the solubility against 
increasing salt concentration. According to Cohn’s equation 
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(13) the log of the solubility of the protein plotted against the 
concentration of salt should form a succession of straight lines of 
different slope. The intersection of two of these lines marks the 
end of the precipitation of one protein and the beginning of 
precipitation of another. 

Fig. 1 shows the solubility curves obtained on goat plasmas 
subjected to a graded series of sodium sulfate solutions, differing 
in concentration by 1 per cent. Breaks in solubility are indicated 
at 15 to 16 per cent, 18 to 19 per cent, and 22 to 23 per cent 
of sodium sulfate. The fact that there is some additional precipi- 
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Fig. 1. Solubility of the globulins of goat plasma in increasing con- 
centrations of sodium sulfate solution. Concentration interval = 1.0 
per cent sodium sulfate. 


tation of globulins between 22 and 23 per cent of sodium sulfate, 
but none between 23 and 24 per cent, indicates that the critical 
zone for total globulins must lie between salt concentrations of 22 
and 23 percent. Although breaks between three globulin fractions 
are indicated, there is no point in the globulin range where the 
solubility of a particular fraction reached zero, indicating complete 
separation. 

A study of the curves depicted in Fig. 1 led us to believe that by 
narrowing the concentration intervals of the salting-out solutions 
to 0.5 per cent one should be able to establish more definitely the 
critical zones of precipitation that are indicated. Therefore, a 
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4 Partition of Serum Globulins 


new series of solutions was prepared, differing in concentration by 
intervals of 0.5 per cent and covering the range of 14 to 23 per 
cent sodium sulfate. At the same time the size of the sample used 
for each determination was increased to 1.0 ml. of plasma and 30 
ml. of sodium sulfate solution. Analyses were made of three 
additional plasma samples and two serum samples, all drawn at 
different times, and representing five different goats. 


PER 1COCC.OF SERUM 
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Fic. 2. Solubility of the globulins of goat plasma in increasing con- 
centrations of sodium sulfate solution. Concentration interval = 0.5 per 
cent sodium sulfate. 

Fig. 3. Solubility of the serum globulins of the goat in increasing con- 
centrations of sodium sulfate solution. Concentration interval = 0.5 
per cent sodium sulfate. 


Experiments VI to VIII, Fig. 2, were run on plasma, while 
Experiments IX and X, Fig. 3, represent analyses of serum. 

As might be expected, there are variations in the solubility 
curves of different samples representing different goats. How- 
ever, inspection of the curves will show that there are definite 
breaks, or critical zones of precipitation, corresponding in general 
to the points established for bovine serum by Howe. 

Experiment VI, Fig. 2, and Experiment IX, Fig. 3, show an 
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initial break in the curve from 14.0 to 14.5 per cent of sodium 
sulfate. Since the analysis was made on serum in Experiment 
IX, no fibrin was present, and it is apparent that the first globulin 
fraction started to precipitate with a sodium sulfate concentra- 
tion in excess of 14.5 per cent. 

Experiments VI and VIII show distinct breaks in the solubility 
curves at concentrations of 15.0 and 14.5 per cent of sodium 
sulfate, respectively. The remaining curves also show indica- 
tions of a break in precipitation at 14.5 to 15.5 per cent, but they 
leave something to be desired in the way of sharpness. Ap- 
parently there is considerable overlapping of precipitation limits 
in most goat plasmas between the two fractions separated par- 
tially at this point. 

A uniform and distinct break appears in all of the solubility 
curves at 15.5 per cent of sodium sulfate. This coincides closely 
with the critical zone between pseudoglobulin I and II established 
by Howe for cattle serum. 

The globulin complex precipitated by a concentration of sodium 
sulfate in the range from 18.5 to 22.5 per cent is quite variable in 
its response. Although the increments of protein precipitated in 
each case are small and might possibly be attributed to experi- 
mental error, there are in most of the curves, notably Experiments 
VII to X, indications of two additional globulin fractions instead 
of the one (pseudoglobulin II) previously reported. There are 
also indications of a break at 16.5 to 17.0 per cent of sodium 
sulfate, which would represent the partial subdivision of pseudo- 
globulin I into two fractions with overlapping limits of solubility. 

All samples analyzed showed a distinct break in precipitation 
with 22.5 per cent sodium sulfate, indicating that the salting-out 
of globulins is complete at this point. 

From the evidence presented it would appear that the concen- 
trations of sodium sulfate solution most nearly representing the 
critical zones for the determination of the three recognized frac- 
tions of the serum globulins of the goat are as follows: euglobulin, 
15 per cent; pseudoglobulin I, 18.5 per cent; pseudoglobulin II, 
22.5 per cent. In all of these experiments the serum proteins 
were precipitated at a dilution of 1:31. Therefore, the above 
percentages correspond to a final sulfate concentration in the 
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plasma sulfate solutions of 14.51, 17.90, and 21.77 per cent, 
respectively. 

In Table I a comparison is given between Howe’s (2) revised 
sodium sulfate concentrations and those arrived at in this labora- 
tory for goat plasma. 

The sodium sulfate concentrations selected are 0.2 to 0.3 per 
cent higher in each case than those of Howe when expressed in 
terms of percentage concentration, or 0.02 to 0.03 mole higher 
when expressed in terms of molarity. 

Howe (14) reported that after the first fraction has been pre- 
cipitated the additional amount of salt required for a subsequent 


TaBLe | 
Critical Precipitation Points of Goat Plasma As Compared to Cattle Plasma 

















Bovine plasma (Howe (2)) | Goat plasma (this paper) 
Fraction Final Molar Incre- a ~ Molar Incre- 
| concen- | concen- | mentof | Qoncen- | Concen- | ment of 
tration tration salt | tantien | tration | salt 
per cent mole | per cent 7 mole 
Fibrinogen. ......... 10.6 0.75 
Euglobulin.......... 14.2 | 1.00 | 0.25 | 14.51 | 1.021 | 
Pseudoglobulin I ....| 17.7 1.25 | 0.25 | 17.90 | 1.260 | 0.24 
“ II....| 21.5 1.50 0.25 21.77 | 1.532 | 0.27 











fraction is a constant for a given salt. He found the increment of 
salt for sodium sulfate to be 0.25 mole. Our experimentally deter- 
mined points differ by 0.24 and 0.27 mole, respectively. Inas- 
much as the solutions were made in terms of percentage concen- 
tration instead of molarity, this can be considered as quite good 
agreement. The critical zones for different plasmas apparently 
vary over a range of approximately 0.5 to 1 per cent of sodium 
sulfate. 


SUMMARY 


Recent findings in regard to the separation of the serum globu- 
lins are reviewed briefly, with particular reference to differences 
reported in the partition of the globulins of various species. 

Solubility curves are presented, showing the changes in solu- 
bility of the serum globulins of the goat, with increasing sodium 


sulfate concentration. 
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From breaks in the solubility curves, it is concluded that the 
serum globulins of the goat can be partitioned into the globulin 
fractions euglobulin, pseudoglobulin I, and pseudoglobulin II, 
established by Howe for bovine serum. These fractions can be 
salted-out at a dilution of 1:31 with sodium sulfate solutions of 
15.0, 18.5, and 22.5 per cent, respectively. 

By narrowing the interval between sulfate concentrations, 
additional breaks in solubility were obtained at sodium sulfate 
concentrations of 16.5 to 17.0 per cent and 20.0 to 21 per cent. 
These are considered to represent subdivisions of pseudoglobulin I 
and pseudoglobulin LI. 
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MUSCLE PHOSPHORUS IN NUTRITIONAL MUSCULAR 
DYSTROPHY IN RABBITS* 
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JOHN J. HUTCHINSON 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, December 27, 1938) 


Rabbits and guinea pigs upon certain diets develop an extreme 
degeneration of the skeletal muscles (15, 22). The onset of these 
muscle lesions may be delayed or prevented by the inclusion of 
vegetable oils in the diet (21, 26, 31) or by vitamin E concentrates 
(23). In dystrophic muscle the creatine content is lower than 
normal and roughly proportional to the amount of pathological 
degeneration (14, 27); there is an increase in moisture and a de- 
crease in total nitrogen (14), an increase in the rate of oxygen 
consumption (38, 21), a decrease in glycogen, total acid-soluble 
phosphorus, and fractions thereof, and an increase in cholesterol 
content (27), a gain in sodium chloride and a corresponding loss in 
potassium and magnesium, and an increase in calcium (10, 25). 

In order to describe dystrophic muscle more completely, anal- 
yses of total phospholipid, total acid-soluble phosphorus, and total 
inorganic orthophosphate phosphorus were made upon the muscle 
of about 50 normal rabbits and the same number of rabbits in 
various stages of nutritional muscular dystrophy. Determina- 
tions of phosphocreatine and inorganic orthophosphate phos- 
phorus in resting muscle were carried out in a few animals. The 
values obtained were compared with the extent of pathological 
degeneration and creatine content. 


EXPERIMENTAL 


The muscles for analysis were obtained from young and adult 
rabbits on Diets 11 or 13 (15) with or without supplements of 


* This work was aided by the Research Grant from The Chemical Foun- 
dation, Inc., to this Department and by a grant from the Rockefeller 


Foundation. 
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10 Phosphorus in Muscular Dystrophy 


natural foods or vegetable oils, or on a diet of grains (10). Normal 
controls were kept on a stock diet of grains, alfalfa hay, and 
greens. The rabbit was usually killed by a blow and immediately 
sampled, although in some instances material was taken some 
hours after death. For determinations on resting muscle, the 
rabbit was anesthetized with sodium amytal (Lilly), and the 
muscle frozen in situ with a mixture of carbon dioxide snow and 
ethyl chloride, cut in fine slices or powdered in a cold mortar, and 
the trichloroacetic acid extract prepared according to the method 
of Davenport and Davenport (8). 

The muscles were analyzed separately. The gluteus was used 
for most of the determinations, but occasionally the gastrocnemius 
and triceps brachii (caput longum) were also taken. The muscle 
was freed as far as possible from connective tissue and each pair 
sampled for chemical analysis and histological study. 


Methods 


For moisture, the samples were dried for 20 hours at 100°. 
Creatine was determined by the method of Rose, Helmer, and 
Chanutin (35). The phosphorus was measured colorimetrically 
by the Fiske and Subbarow (13) method. For total phosphorus, 
the dried muscle was incinerated with magnesium nitrate; for 
phospholipid phosphorus, an alcohol-ether extract of the fresh 
tissue cut in small pieces was made; for total acid-soluble and total 
inorganic orthophosphate phosphorus, the finely cut or frozen 
and powdered muscle was extracted with 5 per cent trichloroacetic 
acid, the acid being allowed to remain in contact with the tissue 
for at least 30 minutes. Phosphocreatine was determined by the 
indirect method of Fiske and Subbarow (13) on extracts prepared 
by the method of Davenport and Davenport (8). 

There was an average difference of 4 per cent between twenty- 
four pairs of duplicate determinations of total phosphorus in 
muscle. 


Results 


The results of the analyses of the muscle phosphorus fractions 
in normal and degenerated muscle are shown in Figs. 1 to 3 and 
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Tables I and II. The muscle was arbitrarily graded from 1 + to 
4 +, according to the severity of the pathological lesions." 
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Fie. 1. Concentration of total and phospholipid phosphorus in white 
muscle of normal rabbits and those with nutritional muscular dystrophy. 
Circles represent total and phospholipid phosphorus; solid dots, determina- 
tions of calcified muscles. M shows the position of the mean value (ex- 
cluding determinations of calcified muscles). 


Total Phosphorus—Total phosphorus is reported to remain 
constant during muscle contraction (7) and atrophy (17). .A 


' We are indebted to Dr. A. M. Pappenheimer of the Department of 
Pathology, Columbia University, for his interpretation of the pathology 
of the muscles. 
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marked reduction has been observed in the muscle of rabbits, in 
which acidosis was induced by feeding hydrochloric acid (16). 

The results of analyses of total phosphorus in normal and de- 
generated muscle are plotted in Fig. 1. As the phosphorus 
content of normal muscle appeared to have no relation to age, 
within the limits of 2 months to 2 years, the records of all rabbits 
have been tabulated together regardless of age. 

The following figures, calculated from the analytical values 
for total phosphorus, are expressed as milliequivalents per kilo 
of fresh tissue, on the assumption that the phosphorus is present 
as a monobasic acid: 59 determinations, mean 75.8 + 0.6, standard 
deviation +7.0 + 0.4, coefficient of variation 9.2 + 0.6. The 
coefficient of variation is about the same as that for creatine and 
total nitrogen (14). The mean is slightly lower than the values 
obtained with the Neumann gravimetric method for rabbit muscle 
by Katz (19), Goto (16), and Sorg (37), but higher than those of 
Morgulis and Osheroff (25). 

In Fig. 1 it is seen that in dystrophic muscle the total phosphorus 
fluctuates widely. It may increase to a value higher than that 
indicated in Fig. 1; five severely degenerated muscles with a total 
phosphorus concentration of from 137 to 322 milliequivalents were 
not included. This increase has been shown to be related to the 
amount of calcification in the fibers (10). In dystrophic muscle 
without calcification the total phosphorus varies widely and tends 
to decrease. In muscle with slight or moderate lesions the total 
phosphorus may remain normal or decrease to some extent, but in 
severely degenerated muscle the decrease is significant. These 
results are not in agreement with those of Morgulis and Osheroff 
(25), who found no alteration in the total phosphorus of severely 
dystrophic muscles, but their series may not have included muscle 
with as great pathological degeneration as those classified as 
4 + in Fig. 1. 

Phospholipid Phosphorus—Phospholipid phosphorus is stated 
not to change during contraction (7) or atrophy (17). A slight 
decrease has been observed during fasting (6). 

The results of analyses of phospholipid phosphorus in normal 
and dystrophic muscle are plotted in Fig. 1. The concentration 
of phospholipid phosphorus in normal muscle is seen to vary 
greatly. The calculated values for normal muscle are, for twenty- 
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eight determinations, mean 9.1 + 0.3 milliequivalents per kilo 
of fresh muscle, standard deviation +2.1 + 0.2, coefficient of 
variation 23.6. The method used for extracting phospholipids 
tends to give high values (36). The values obtained are in general 
agreement with those given by Katz (19) and Bloor and Snider (1), 
and somewhat lower than those of Sorg (37). 

Although there were relatively few determinations of phos- 
pholipid phosphorus, it appears from Fig. 1 that this fraction 
differs, in degenerated muscle, but little from the normal. This 
finding, which is contrary to that of Morgulis, Wilder, Spencer, 
and Eppstein (28) who stated that the phospholipid phosphorus 
is increased in dystrophic muscle, is of particular interest, because 
the fat content of such muscle may be great. For example, the 
muscle of Rabbit 51 presented 4 + lesions; the gluteus contained 
73 per cent fat by analysis and the triceps, 25 per cent; the phos- 
pholipid phosphorus content was respectively 7.1 and 9.7 milli- 
equivalents per kilo. 

The presence of calcified fibers in dystrophic muscle does not 
affect the phospholipid phosphorus. 

Total Acid-Soluble Phosphorus—Total acid-soluble phosphorus 
remains constant during contraction (7), autolysis (4), fasting 
(39), fever induced by the injection of 1,2,4-dinitrophenol (5), 
and in some types of human muscle disorder, such as myasthenia 
gravis, Graves’ disease, and periodic muscular weakness (29). 
Low values have been found in thyroxinized and adrenalectomized 
eats (4), in rats following denervation (18), in human muscle 
diseases, such as familial periodic paralysis (2), muscle dystrophy 
(33), pseudohypertrophic muscular dystrophy and dystrophia 
myotonica (29), and in nutritional muscular dystrophy of the 
rabbit (27). 

Fig. 2 illustrates the data on total acid-soluble phosphorus con- 
tent of normal and dystrophic muscle. The concentration of 
total acid-soluble phosphorus in normal muscle is seen to be more 
variable than that of total phosphorus, a fact which may be due 
to the method of extraction. The values calculated for normal 
tissue are, for forty-four determinations, mean 50.2 + 0.9 milli- 
equivalents per kilo of fresh tissue, standard deviation +9.8 
+ 0.6, coefficient of variation 19.4. These values are in agree- 
ment with those given in the literature (24, 4, 29). 











































14 Phosphorus in Muscular Dystrophy 


In degenerated muscle the total acid-soluble phosphorus varies 
more than in normal ones. Higher concentrations are found in 
calcified tissue, in which it may increase to 3 times the normal 
amount. The analytical values for four severely degenerated 
muscles, in which the concentration of total acid-soluble phos- 
phorus varied from 117 to 153 milliequivalents, were not plotted. 
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Fie. 2. Concentration of total acid-soluble (7AS) and total inorganic 
orthophosphate (7/7) phosphorus in white muscle of normal rabbits and 
those with nutritional muscular dystrophy. Circles represent total acid- 
soluble and total inorganic orthophosphate phosphorus; solid dots, deter- 
minations of calcified muscles. M shows the position of the mean value 
(excluding determinations of calcified muscles). 


It is seen in Fig. 2 that lower concentrations are found in uncal- 
cified dystrophic muscle and that the decrease is significant in 
severely degenerated muscle. This observation confirms that of 
Morgulis and Spencer (27) and is in agreement with the lowered 
total acid-soluble phosphorus found by Brand and Harris (2), 
Nevin (29), and Reinhold et al. (33, 34) in human muscle diseases. 

Total Inorganic Orthophosphate Phosphorus—Inorganic ortho- 
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phosphate phosphorus increases rapidly during muscle contraction 
(20) and autolysis, and is derived chiefly from the hydrolysis of 
phosphocreatine (12, 9). 

The amount of total inorganic orthophosphate phosphorus 
present in normal and dystrophic muscle is also shown in Fig. 2. 
The following values were calculated: forty-four determinations, 
mean 42.4 + 1.0 milliequivalents per kilo of fresh tissue, standard 
deviation +9.4 + 0.7, coefficient of variation 22.2. 
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Fic. 3. Relationship between total acid-soluble and total inorganic 
orthophosphate phosphorus in white muscle of normal rabbits and those 
with nutritional muscular dystrophy. Circles represent determinations of 
normal muscle; solid dots, of muscle with lesions. 


Fig. 3 presents a scatter diagram of the concentration of total 
acid-soluble phosphorus and total inorganic orthophosphate 
phosphorus, showing their relationship in all types of muscle. 
Total inorganic orthophosphate phosphorus is roughly 85 per cent 
of the total acid-soluble phosphorus in postmortem muscle, ir- 
respective of its pathological state. 

Phosphocreatine and Inorganic Orthophosphate Phosphorus in 
Resting Muscle—Phosphocreatine phosphorus is low in the resting 
muscles of guinea pigs with scurvy and pigeons with polyneuritis 
(30), in fasting (39), in rats following denervation (18), in thy- 
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roxinized and adrenalectomized cats (4), in fever induced by the 
injection of 1 ,2,4-dinitrophenol (5), in molecular degeneration of 
muscle in rabbits, produced by freezing or contusion (11), in 
human muscle dystrophies (29, 34), and in nutritional muscular 
dystrophy of the rabbit (27). 

The concentrations of phosphocreatine and inorganic ortho- 
phosphate in resting muscle were determined in seven rabbits 
with muscular dystrophy, four controls, and one rabbit with 
extreme muscular atrophy. 

The results are given in Table I, together with analyses of other 
constituents. Whenever possible the analyses are given in dupli- 
cate in order to show the variation between samples, the extent 
of which is not surprising when the heterogeneous histological 
picture of the muscle is considered. 

The values for phosphocreatine in normal resting muscle are 
similar to those given in the literature (24, 4, 29). In dystrophic 
muscle with advanced lesions the phosphocreatine phosphorus of 
resting muscle decreases to very low values, comparable to those 
found by Nevin (29) in human muscular dystrophy and lower 
than those reported by Morgulis and Spencer (27) in the rabbit 
disease. However, although the amount of phosphocreatine is 
less in degenerated muscle, there is apparently little decrease in 
the relative concentration. Thus, it will be seen in Table I that 
the phosphocreatine content of normal muscle is 35 to 40 per cent 
of the total acid-soluble fraction. In dystrophic muscle with 
3 + and 4 + uncalcified lesions, the proportion of phosphocreatine 
decreases slightly, but not more than might be accounted for by 
analytical error. In calcified muscle, Rabbits 351 and 368, the 
phosphocreatine appears to be slightly higher than in the uncal- 
cified dystrophic muscle. 

In normal resting muscle the inorganic orthophosphate phos- 
phorus content is one-third to one-half as great as that of phos- 
phocreatine phosphorus, but in degenerated muscle the proportion 
is greater. In all cases, regardless of the state of the muscle, the 
sum of these two fractions is approximately equal to 60 per cent 
of the total acid-soluble phosphorus. 

Phosphorus Fractions in Muscle Atrophy—The analytical re- 
sults of Rabbit 366, which presented extreme muscular atrophy, 
are included in Table I. It will be seen that the moisture is 
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increased, creatine is less than normal, and although the fractions 
of phosphorus are low, they are within the limits of biological 
variation of normal muscle. The results are in agreement with 
those of Grund (17). 


TaBLe | 
Phosphorus Fractions in Normal and Pathological Rabbit Gluteus Muscle 


Pathological ex- Phosphorus, m. eq. per kilo fresh tissue 
amination of s _ 
muscle = Post mortem Resting muscle 
2 | a 

S is \¢ ai gi: 

g 2 24 2 if 

si) 5 (8 |S lat Zi, |s8i. | 8/8 

zZ\% . 3s |e lg Ss 13.| 34/3 g 28 
2 & > logl lac 3S |32/88\ 82) 2 a6 

2\s) & ($3) 2 Ff a | § |32 38/54) | E2 
a6) & |M° Els" el a€ les eo es! & 1a" 
Normal 61 — 76.137.475.8 58.4 52.317.8 8.1 
diet 51.018.7 8.4 
62 - — 38.983.4 9.354.7 49.620.0 7.3 
42.218.2) 6.0 
63 _ — 76.932.078.7 44.2 40.3.15.1)15.1 
42.6 14.7)16.8 
4 — - 75.435.972.9 45.1 55.5 22.2 14.6 
Grain diet 366* 87 —- — |80.627.558.1) 9.842.033.236.714.7) 4.5 
and 59.110.342.629.541.515.710.5 
modifi- 319 156 + - 44.374.6 8.953.448.542.513.216.0 
eations 351 107 + + 75.945.891.5 14.3 66.057.860.9 15.5 25.4 
363 134 +++ — 22.961.9 12.6 38.3 30.335.5 9.811.6 
368 1388 +++ +44 76.732.098.817.868.056.971.612.029.8 
Diet 11 110 166 +++ —- §80.013.055.8 24.8 10.0 3.3 6.6 
and 13.5 3.4 6.7 
modifi- 29t|'314,++++4+) - 16.0 50.0 15.5 16.1 4.0 5.1 
cations 78t161++++ — 9.148.4 20.3 21.3) 5.4) 9.7 


The muscles had normal fat content, except as indicated. For addi- 
tional analytical data on some of these muscles see Goettsch and Brown 
(14) and Victor (38). 

* Muscle presented extreme atrophy. 

+t Muscle fat, 5.3 per cent. 

t Muscle fat, 20.6 per cent. 


_ Acid-Insoluble Non-Lipid Phosphorus—On comparison of Figs. 

1 and 2 it will be seen that the concentration of total acid-soluble 
phosphorus in normal rabbit muscle is significantly lower than 
that of total phosphorus. There is a difference of 25.6 milli- 
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equivalents per kilo of fresh tissue between the two means, with 
a standard deviation of the difference of +12.0. This acid-in- 
soluble fraction was determined in several muscles by ashing the 
residue of the trichloroacetic acid extraction. The analyses of a 
typical muscle (normal gluteus of Rabbit 267) were as follows: 
total phosphorus 76.8 milliequivalents per kilo of fresh muscle, 
total acid-soluble phosphorus 47.8, 51.9, total acid-insoluble 
phosphorus 27.6, 25.2, sum of acid-soluble and acid-insoluble 
phosphorus 75.4, 77.1. 

When the residue of the alcohol-ether extraction of the same 
muscle was ashed and analyzed, the phosphorus content was found 
to be higher than that of total acid-soluble phosphorus. The 
analyses of the normal gluteus of Rabbit 267 were as follows: 
phospholipid phosphorus 6.5, 7.7 milliequivalents per kilo of 
fresh muscle, non-phospholipid phosphorus 66.4, 64.1, sum of 
phospholipid and non-phospholipid phosphorus 72.9, 71.8. The 
difference between the non-phospholipid phosphorus and the total 
acid-soluble phosphorus, about 15 milliequivalents, represents 
the acid-insoluble non-lipid phosphorus, which is presumably 
nuclear and protein phosphorus. Similar differences between 
total and total acid-soluble phosphorus in normal dog muscle 
were reported by Pollack, Flock, and Bollman (32). 

From Figs. 1 and 2 it appears that the total acid-soluble phos- 
phorus decreases at a greater rate than the total phosphorus. 
Since the phospholipid phosphorus remains constant, this observa- 
tion leads to the assumption of an increase in acid-insoluble non- 
lipid phosphorus in dystrophic muscle, which is compatible with 
the histological finding of increased nuclear elements. The in- 
crease may also be accounted for by an error in analysis, due to 
the extraction of fibrous lipomatous tissue with water-soluble 
reagents. The latter explanation was found to be the more likely. 

Powdered frozen muscle was extracted first with alcohol-ether, 
and then with several portions of trichloroacetic acid. The residue 
was ashed and analyzed for phosphorus. The analyses of typical 
muscles are given in Table II. The residues of the dystrophic 
muscles contained approximately the same amount of phosphorus 
as the normal ones. 

Relationship of Phosphorus Fractions and Creatine Nitrogen— 
Scatter diagrams indicated little correlation between the phos- 
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phorus fractions and creatine nitrogen. The coefficients of cor- 
relation with their respective probable errors, calculated from 
forty-four sets of determinations of normal and dystrophic muscle, 
are as follews: total phosphorus and creatine nitrogen +0.038, 
total acid-soluble phosphorus and creatine nitrogen +0.552 + 
0.07, total inorganic orthophosphate phosphorus and creatine 
nitrogen +0.506 + 0.07. These results are not in accordance 
with the statement of Brown and Imrie (3) that there is a tendency 
for the concentration of total acid-soluble phosphorus to be high 
in cat muscle when the creatine is high. Their value for total 
acid-soluble phosphorus represents total inorganic orthophosphate 
phosphorus, since they measured the amount of phosphate in the 


TABLE II 


Acid-Insoluble Non-Lipid Phosphorus in Normal and Pathological Rabbit 
Gluteus Muscle 


Phosphorus, m. eq. per kilo fresh tissue 








Rabbis | Pathological = eae “ a 
abbit No. examination | -_ . 
f 1] | | . a) T 1 id- Z Lipid + acid- 
| of muscle Total Phospholipid pen Residue soluble + 
a - — |__| ———__ |—_—_- — ad ™ 
345 Normal | 78.6 | 11.8 | 57.3 | 8.5 77.6 
368 +++ | 98.8 17.8 | 68.0 8.9 94.7 
382 +++ 64.4 | 12.6 32.56 | 16.3 61.4 
384 +++ | 82.0 13.8 | 501 | 11.9 75.8 





trichloroacetic acid extract after 50 minutes hydrolysis. When 
the coefficient of correlation was calculated from their data, it was 
found to be +0.440 + 0.10, a value in general agreement with the 
one given above. 

From Table I it is apparent that no clear correlation exists 
between creatine and the other fractions of phosphorus. 

In nutritional muscular dystrophy of the rabbit the loss in 
muscle creatine is greater in equivalent amount than the loss in 
phosphorus. Furthermore, the decrease in creatine content is 
apparent in muscles with slight or moderate lesions, while the 
changes in phosphorus fractions are not regularly observed until 
the muscles are severely degenerated. The phosphorus concen- 
tration is more strikingly increased than that of creatine in muscles 
showing histological evidence of calcification. 
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SUMMARY 


In nutritional muscular dystrophy of the rabbit, there are no 
striking changes in the muscle phosphorus fractions until the 
muscles are severely degenerated. Dystrophic muscles which 
present calcification histologically are associated with an increase 
in total, total acid-soluble, and total inorganic orthophosphate 
phosphorus; those without calcified fibers, with a decrease in these 
constituents. 

The phosphocreatine content of resting degenerated muscles is 
distinctly lower than normal, but its relationship to total acid- 
soluble phosphorus remains the same. 

There is no change in phospholipid phosphorus of muscle. 


BIBLIOGRAPHY 


1. Bloor, W. R., and Snider, R. H., J. Biol. Chem., 107, 459 (1934). 
2. Brand, E., and Harris, M. M., Proc. Am. Soc. Biol. Chem., J. Biol. 
Chem., 97, p. Ixii (1932). 
3. Brown, M., and Imrie, C. G., J. Physiol., 71, 214 (1931). 
4. Buell, M. V., Strauss, M. B., and Andrus, FE. C., J. Biol. Chem., 98, 645 
(1932). 
5. Cahn, T., Ann. physiol. et physicochim. biol., 9, 393 (1933). 
6. Cahn, T., and Bonot, A., Ann. physiol. et physicochim. biol., 4, 485 
(1928). 
7. Cuthbertson, D. P., Biochem. J., 19, 896 (1925). 
8. Davenport, H. A., and Davenport, H. K., J. Biol. Chem., 76, 651 (1928). 
9. Eggleton, P., and Eggleton, G. P., J. Physiol., 63, 155 (1927). 
10. Fenn, W. O., and Goettsch, M., J. Biol. Chem., 120, 41 (1937). 
11. Fishback, D. K., and Fishback, H. R., Arch. Path., 14, 204 (1932). 
12. Fiske, C. H., and Subbarow, Y., Science, 65, 401 (1927). 
13. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 81, 629 (1929). 
14. Goettsch, M., and Brown, E. F., J. Biol. Chem., 97, 549 (1932). 
15. Goettsch, M., and Pappenheimer, A. M., J. Exp. Med., 64, 145 (1931). 
16. Goto, K., J. Biol. Chem., 36, 355 (1918). 
17. Grund, G., Arch. exp. Path. u. Pharmakol., 67, 393 (1912). 
18. Hines, H. M., and Knowlton, G. C., Am. J. Physiol., 104, 379 (1933). 
19. Katz, J., Arch. ges. Physiol., 63, 1 (1896). 
20. Macleod, J. J. R., Z. physiol. Chem., 28, 535 (1899). 
21. Madsen, L. L., J. Nutrition, 11, 471 (1936). 
22. Madsen, L. L., MeCay, C. M., and Maynard, L. A., Cornell Univ., 
Agric. Exp. Stat., Mem. 178 (1935). 
23. Mattill, H. A., Proc. XVI Internat. Physiol. Cong., Zurich, 112 (1938). 
24. Milroy, T. H., Physiol. Rev., 11, 515 (1931). 
25. Morgulis, S., and Osheroff, W., J. Biol. Chem., 124, 767 (1938). 
26. Morgulis, 8., and Spencer, H. C., J. Nutrition, 11, 573 (1936). 











eee By 


34. 
35. 


36. 
37. 


39. 





Goettsch, Lonstein, and Hutchinson 21 


. Morgulis, 8., and Spencer, H. C., J. Nutrition, 12, 173 (1936). 


Morgulis, S., Wilder, V. M., Spencer, H. C., and Eppstein, 8. H., J. 
Biol. Chem., 124, 755 (1938). 


. Nevin, 8., Brain, 67, 239 (1934). 
. Palladin, A., and Epelbaum, 8., Biochem. Z., 204, 140 (1929). 
. Pappenheimer, A. M., and Goettsch, M., Proc. Soc. Exp. Biol. and Med., 


34, 522 (1936). 


. Pollack, H., Flock, E., and Bollman, J. L., Am. J. Physiol., 110, 105 


(1934-35). 

Reinold, J. G., Clark, J. H., Kingsley, G. R., Custer, R. P., and Me- 
Connell, J. W., J. Am. Med. Assn., 102, 261 (1934). 

Reinold, J. G., and Kingsley, G. R., J. Clin. Inv., 17, 377 (1938). 

Rose, W. C., Helmer, O. M., and Chanutin, A., J. Biol. Chem., 76, 543 
(1927). 

Sinclair, R. G., Physiol. Rev., 14, 351 (1934). 

Sorg, K., Z. physiol. Chem., 182, 97 (1929). 


. Victor, J., Am. J. Physiol., 108, 229 (1934). 
Wesselkina, W. M., Z. ges. exp. Med., 85, 463 (1932). 














FACTOR W AND ITS RELATION TO THE VITAMIN B 
COMPLEX* 


By D. V. FROSTT anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, December 19, 1938) 


Several conditions tend to complicate investigations on the 
newer factors in the vitamin B complex. Foremost of these 
is the species difference in the requirement of recognized factors. 
Witness for example the large and easily demonstrated require- 
ment of the dog and pig for nicotinic acid as opposed to the 
apparently slight and difficultly demonstrated requirement of 
the rat and chick for this compound. Demonstration of the 
existence of water-soluble factors other than vitamin B,, ribo- 
flavin, and vitamin Be essential to optimum growth of rats has 
appeared in the last 2 years from several laboratories (1-4). 
Variations in source materials, in the methods of fractionation, 
and in assay methods used in the different laboratories make 
conjecture as to the identity of these independently discovered 
factors difficult. A brief statement of unreported properties 
of Factor W, which may be helpful in relating it to other little 
known members of the vitamin B complex, therefore seems timely. 

In a previous paper (2) we described Rations Ky, Ky, and 
Ko, all of which have been used in assay of Factor W preparations. 
Ration Keo, which has dextrin as the sole source of carbohydrate, 
was used for most of the assays reported herein. It has the 
following composition: dextrin 74, casein (Labeco) 18, Salts I (5) 
4, cottonseed oil 2, cod liver oil 2, vitamin B, (Merck) 200 micro- 
grams, riboflavin (synthetic) 300 micrograms. Male rats placed 
on the ration at 21 to 25 days of age grow slowly to a constant 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
t Eli Lilly and Company Fellow. 
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weight range of 69 to 80 gm. Piebald rats maintained on the 
ration for 18 weeks have shown no noticeable graying of black 
areas and no clear cut or constantly recurring deficiencies of 
any description, except complete growth failure. All animals 
retain the appearance of normal young rats until they are about 
100 days old, when they may exhibit some slight muscle dystrophy 
as evidenced by spastic gait. Administration of Factor W prepa 
rations to depleted animals of various ages has resulted uniformly 
in large growth responses ranging up to 55 gm. in 1 week. Rats 
maintained more than 14 weeks on the basal ration do not re- 
cover so completely or rapidly as do younger animals. For 
assay purposes rats of 7 to 10 weeks of age were used. 

Crystalline vitamin Bs, supplied to us by Dr. Samuel Lep- 
kovsky, fed at a level of 40 micrograms per day did not stimulate 
growth of depleted animals. Since typical vitamin B, defi- 
ciency has been obtained on rations similar to Ration Keo, except 
that sucrose or starch was used as the source of carbohydrate 
in place of dextrin, a sparing action may be attributed to dex- 
trin for at least partial requirement of vitamin B, in rats. Mor- 
gan, Cook, and Davison (6) have shown the sparing action of 
lactose for the vitamin B, requirement in rats and have attri- 
buted its action to intestinal synthesis which is sufficient to 
meet the normal requirement of the vitamin. Whether or not a 
partial deficiency of vitamin Bs may be overcome by addition of 
Factor W concentrates at times to give greater growth than that 
attributable to the Factor W addition alone, is not known. 
Certainly vitamin Bs is not the limiting factor for growth on 
Ration Ko, but its addition to the ration in crystalline form is a 
desirable one. 

Methods 


The procedure for obtaining preparations of Factor W for 
study of its properties has been previously reported (2) and is 
briefly as follows: acid acetone extracts of 95 per cent alcohol- 
soluble liver extract (Wilson') were treated with a single batch 
of fullers’ earth (Sargent) at pH 1 to 3 to remove the riboflavin. 
The filtrate contained considerable vitamin Bs, and nicotinic acid, 
as shown by assay with rats and dogs, and had full growth- 


1 We are indebted to Dr. David Klein, The Wilson Laboratories, Chi- 
cago, for generous supplies of this material. 
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promoting properties of liver extracts, as measured on our ration 
with growing rats. Fractionation of the fullers’ earth filtrate with 
mercuric acetate had been shown to effect a separation of factors 
having slight supplementary growth-promoting properties. A 
similar separation of factors was possible with barium hydroxide 
in 75 per cent ethyl alcohol. The filtrate in each case promoted 
by far the greater growth stimulation for young rats and subse- 
quently described properties may apply only to the factor, or 
factors, contained in such filtrates. The rate of growth over a 
4 to 5 week period is the single criterion of activity of fractions 
and such assays are of insufficient duration for the animals to 
show any plateau in absence of the factor precipitated by mercury 
or barium. 

Precipitation Procedures—The organic acid-precipitating agents 
used included silver nitrate, copper acetate, lead acetate, and 
the previously mentioned mercuric acetate and barium hydroxide 
in 75 per cent ethyl alcohol. Organic base-precipitating agents 
included picric acid, picrolonic acid in butanol solution, mer- 
curic chloride in 95 per cent ethyl alcohol, and chloroplatinic 
acid in dry ethyl alcohol. In all procedures the fullers’ earth 
filtrate was used and when aqueous solutions were used the begin- 
ning concentration was approximately 1 cc., equivalent to 0.2 
gm. of liver extract. The concentration was somewhat higher 
in those cases in which alcoholic solution was used. Precipita- 
tions were carried to completion. Measurements of pH were 
made on a Coleman electrometer and adjustments of pH were 
generally made with HCl or NaOH. In all cases most of the 
activity was recovered from the filtrate and in no case did the 
precipitate fraction carry appreciable activity, although some 
material was removed from solution by each precipitant. 

Norit Adsorption and Elution—Adsorption of Factor W quanti- 
tatively from the fullers’ earth filtrate with norit A (Pfanstiehl) 
required the use of about as much norit as there was solid material 
in solution. Successive adsorptions with small amounts of norit 
proved more efficient than a single treatment with a large amount. 
About equal results were obtained at pH 1 and 6. Completely 
decolorized solutions in many cases retained some activity, but 
in general the disappearance of activity from the solution paral- 
leled the disappearance of color. 

Successful elutions were made by refluxing the well dried 
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norit with four successive portions of either dry butanol or a 
1:1 mixture of benzene and absolute ethyl alcohol. 20 per cent 
suspensions of the norit in the solvent were used and the time of 
refluxing was 10 to 12 minutes. Aqueous pyridine-methanol 
mixture (2:1:1) used in much the same way proved equally 
effective in removing the active moiety. In all cases it was noted 
that the norit was completely stripped of adsorbed material 
before full recovery of activity was realized. Earlier attempts 
(2) to elute such norit preparations with aqueous pyridine- 
methanol were unsuccessful, but at that time the difficulty of 
elution was not appreciated and insufficient solvent was used. 
Also heat treatment, which now appears essential to successful 
elution of the factor from this type of norit, was not applied. 

The norit adsorbate before elution was completely inactive for 
Factor W when fed to rats. Previously Elvehjem, Koehn, and 
Oleson (1) used a less powerful decolorizing carbon to adsorb the 
aleohol-ether precipitate factor, i.e. Factor W, and found the 
charcoal to be active for Factor W when fed. 

Acetylation Procedure—When the fullers’ earth filtrate fraction 
was dried, dissolved in a minimum of pyridine, and refluxed with 
an equal volume of acetic anhydride, the resulting mixture of 
water-soluble and water-insoluble materials was found to be quite 
inactive. Attempts to regenerate the activity from either the 
water-soluble or water-insoluble acetyl fractions by alkaline 
hydrolysis with ammoniacal methyl alcohol (4 N) at 100° were 
without success. Whether Factor W was destroyed by the 
acetylation or hydrolysis procedures, or whether the right condi- 
tions for hydrolyzing a physiologically inactive acetylated Factor 
W preparation were not used, is not known. 

Extraction Procedures—When aqueous solutions of Factor W at 
pH 1, 6, and 9.5 were extracted six times with equal portions of 
butanol, the activity was removed in large part from the aqueous 
phase. When such butanol extracts were briefly shaken with an 
amount of 0.1 Nn NaOH just sufficient to maintain the pH of the 
solution at 12 to 14, all activity passed into the aqueous phase. 
When aqueous solutions of Factor W were extracted with butanol 
at pH 12 to 14, none of the activity was transferred to the butanol. 

Phenol and aniline proved to be somewhat better solvents for 
removing Factor W from aqueous solution than did butanol; 
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Factor W Potency of Various Concentrates from Liver Extract 


All experiments were conducted with the fullers’ earth filtrate, 
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however, they also dissolved more solids than did butanol. Four 
extractions of a fullers’ earth filtrate fraction, containing the 
equivalent of 40 gm. of liver extract, with 30 gm. portions of phenol 
sufficed to remove most of the activity from the water. This 
offers a convenient method for freeing the factor from most in- 
organic salts. Upon simultaneous extraction of phenol solutions 
of Factor W with water and ether, the activity passed to the water 
phase and the phenol was separated in the ether phase. 
Continuous extraction of acid acetone extracts at pH 1 or 6 
with ether over a period of 3 days did not prove useful as a con- 
centration procedure. Neither the extracts nor the residues had 
the full activity of the original material, but all showed some 
portion of activity when fed alone. There appeared to be no 
separation of factors between the extract and residue, since com- 
bination of the two produced no greater growth than either alone. 
Animals fed the ether extract or residue from the procedure carried 
out at pH 1 showed extremely variable growth response; some 
animals responded fairly well for a considerable period and others 
declined and died following a good initial response during the first 
2 or 3 weeks of supplement. Generation of toxic factors by the 
acid-ether treatment was thought to occur and may serve to be- 
cloud the interpretation of results. Results with the fractions 
made at pH 6 were essentially comparable to those made at pH 1, 
but were more uniform and no deaths occurred among the assay 


animals. 
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Typical results of most of the procedures reported are shown in 


Table I. 


DISCUSSION 


From the foregoing properties it is obvious that Factor W is not 
vitamin B,, nicotinamide, nicotinic acid, the chick antidermatitis 
factor, or riboflavin. The extreme solubility of all preparations 
of Factor W in water and water-like solvents and practically 
complete insolubility in ether and such water-unlike solvents 
suggest that it is a compound, or mixture of compounds, 
having a high degree of hydroxylation. Difficulties inherent in 
separation of such types of compounds from mixtures of many 
water-soluble compounds appear to apply in attempts made thus 
far to separate Factor W in pure form. 

Various investigators have reported the existence of growth 
factors in fullers’ earth filtrates from yeast, liver, rice bran, 
wheat germ, and milk. That more than one factor affecting 
growth may be present in our filtrate from liver has already been 
shown (2) and it seems likely that a separation of factors may be 
accomplished with filtrates from other sources. The filtrate 
factor of Edgar and Macrae (4) from yeast appears to be similar to 
Factor W in many important respects. The growth obtained is 
comparable, failure to precipitate the factors with many common 
reagents is in agreement, and recently Macrae and Edgar (7) have 
reported extraction of a factor from deproteinized liver with amyl 
alcohol which they state may be identical with their yeast filtrate 
factor. The amyl alcohol fractionation used by Macrae and Edgar 
is comparable to the procedure developed by Elvehjem and Koehn 
(8) for concentration of the chick antidermatitis factor and to 
procedures described in this paper for concentration of Factor W. 
In our experience isoamyl alcohol is a better solvent for Factor 
W than n-amy! alcohol and about equal to n-butyl alcohol, which 
we have preferred to use. 

Edgar and Macrae (4) concluded from results of barium hy- 
droxide precipitation in 90 per cent ethyl alcohol of the fullers’ 
earth filtrate factor prepared from yeast that the factor was 
carried down in the precipitate, but that in an identical precipita- 
tion made on a similar fraction prepared from liver the major 
part of the activity was not precipitated. In our experience a 
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separation of fractions having supplementary activity was affected 
by precipitation of the fullers’ earth filtrate from liver with 
barium hydroxide in 75 per cent ethyl alcohol solution, but the 
major portion of growth activity appeared in the filtrate. 

The relation which Factor W bears to Factor 2 of Lepkovsky, 
Jukes, and Krause (3) is not clear, although growth has been 
reported for Factor 2 on rations combining all other known factors 
similar to that which Factor W preparations produce on our 
Ration Ky; or Koo. 

The criteria of activity of vitamin H of Booher (9) differ con- 
siderably from the criteria of activity established for Factor W 
and comparison is again difficult. Schultz and Mattill (10) have 
suggested the similarity of the filtrate factor prepared by them 
from heat-treated yeast to Factor W and also suggest its similarity 
to filtrate factors for the rat as prepared by other workers. 

Exhaustive treatment with English fullers’ earth according to 
the method of Lepkovsky, used in this laboratory by Oleson, Bird, 
Elvehjem, and Hart (11), apparently prevents recovery of Factor 
W, since no combination of filtrates or eluates allows the full 
qualitative effect of the original liver extracts. In our experience 
English fullers’ earth is more destructive of Factor W than is 
Sargent’s fullers’ earth and is less efficient in removal of riboflavin 
at pH 1 to 3. Factor 2 of Lepkovsky, Jukes, and Krause, desig- 
nated by them as the filtrate remaining after exhaustive extraction 
with fullers’ earth, may not be identical with Factor W, as shown 
by Oleson, Bird, Elvehjem, and Hart (11). 

The original alcohol-ether precipitation procedure of Elvehjem, 
Koehn, and Oleson (1) produced a clean separation of Factor W 
from the chick antidermatitis factor, since the precipitate was 
shown to have no curative or prophylactic properties of the chick 
factor, and the alcohol-ether filtrate contained little or no Factor 
W as measured with rats. Also, according to the method of 
Woolley, Waisman, Mickelsen, and Elvehjem (12), the chick 
factor is extractable from liver extracts with ether at pH 1. Fac- 
tor W, as herein reported, is not extracted in toto by this procedure 
and the majority of it seems to remain in the residue. 

Since active preparations of Factor W used in this work prob- 
ably contain some nicotinic acid and nicotinamide and since the 
part played by these compounds in the nutrition of the rat is still 
mooted, we will briefly state our experience with them. 
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Following the work of Warburg and von Euler with the pyridine 
nucleotides and taking suggestion from the reports of Funk and 
von Euler that nicotinic acid and nicotinamide had slight salutary 
effect on the economy of rats deficient in the vitamin B complex, 
we had fed these compounds to rats maintained on our ration, 
Ki7, designed for assay of Factor W (2). Both of these com- 
pounds exhibited growth-promoting action at that time. Our 
hypothesis that nicotinamide was important nutritionally as a 
precursor of the pyridine nucleotides was further supported by 
the fact that nicotinamide plus adenine nucleotide supported 
greater growth response than did either alone. Having exhausted 
the supply of adenylic acid with which growth stimulation was 
obtained, we resorted to Hoffmann-La Roche adenylic acid. This 
preparation elicited no response either alone or in combination with 
the pyridine compounds. When it became apparent that Factor W 
was not these compounds alone, we abandoned further trials with 
them for the time. The first effect obtained with adenine nucleo- 
tide may become explainable with further knowledge of Factor W 
and related growth factors. At this time, however, some clarifica- 
tion of the influence of the pyridine compounds on the growth of 
rats appears possible from comparison of results obtained elsewhere 
and in this laboratory. 

Numerous investigators (7, 13-15) have reported failure of 
nicotinic acid and nicotinamide to effect the growth of young 
rats. In all these cases, rations based on sucrose and starch were 
used, supplemented generally with crystalline vitamin B, and 
riboflavin, and various combinations of fullers’ earth eluate and 
filtrate fractions from liver, yeast, and rice bran, designed to supply 
rat antidermatitis and growth factors. In our earlier work (2) 
we obtained considerable growth stimulation in rats with both 
nicotinic acid and nicotinamide and it is important to note that the 
ration used was K,;, based on dextrin and containing 12 per cent 
of white corn. In subsequent work in which Ration Kj; was used, 
these compounds have given stimulatory effects when fed with 
certain liver fractions. In later attempts to repeat growth effects 
with the pyridine compounds, Ration Kyo, which contains no corn, 
was used. In all such cases there resulted consistent failure of 
nicotinamide to enhance growth and animals so supplemented 
actually lost weight and died sooner than did controls. 

Fig. 1 depicts typical responses of rats to nicotinamide with 
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Rations Kyo and Ky;. Symptoms of general muscular atony and 
inanition were very apparent prior to death of all animals on 
Ration Kyo plus the above compound. All animals on Ration Kj; 
from the beginning, as well as the two which were shifted from 
Ration Kyo to Ky; at the time of introducing nicotinamide, grew 
uniformly and appeared entirely normal, although growth ranged 
to only about 10 gm. per week. Similar results were obtained with 
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Fie. 1. Growth curves for young male rats on Ration Keo alone and 
with added nicotinamide, trigonelline chloride, and nicotinurie acid con- 
trasted with growth curves of rats on Ration K,; plus the same compounds. 


trigonelline and nicotinuric acid. It is interesting that these com- 
pounds give the same effect in rats, since trigonelline is inactive 
and nicotinuric acid is active in the treatment of black tongue in 
dogs. 

Our results appear to indicate that inclusion of 12 per cent of 
white corn in Ration Keo supplies a factor, or factors, necessary 
to the proper utilization of nicotinic acid by the rat. Recently 
Fouts and Helmer (16) demonstrated the supplementary action of 
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nicotinic acid for the growth of rats maintained on the Goldberger 
ration with added riboflavin. Without added riboflavin, however, 
nicotinic acid exercised an inhibitory effect on growth and raised 
the mortality above that of controls. That the addition of one, 
or two, or three members of the vitamin B complex may enhance 
deficiency symptoms of other members is not new knowledge in 
this field, but demands more attention in the future than it has 
received in the past. 

Although differences in growth effects and in chemical properties 
appear to exist between Factor W and the pyridine compounds 
thus far studied, it is possible that one of them is a constituent of a 
more complex molecule. Because the interdependence of un- 
known factors for the growth of rats is not known and because the 
pyridine compounds appear to play some rdéle in the nutrition of 
the rat, nicotinic acid has been added to the basal rations used in 
assay of Factor W in an amount calculated to supply about 1 mg. 
per day. 


SUMMARY 


1. Evidence of the weak acidic nature of Factor W has been 
obtained by partition between butanol and water at varying pH. 

2. Factor W has been found to be soluble in phenol and aniline, 
but not in ether. 

3. Failure to precipitate Factor W from alcohol or water with 
various precipitants has been described. 

4. Successful elutions of Factor W from norit with various 
eluants have been made. 

5. Evidence that Factor W is distinct from vitamin Be, the chick 
antidermatitis factor, and nicotinic acid has been presented. 

6. Results are presented to show that the response of rats to 
nicotinic acid and its amide is dependent upon the composition 
of the ration. 
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EXPERIMENTS WITH THE FILTRATE FACTOR 
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The term “filtrate factor’’ was applied (1) to a water-soluble 
vitamin belonging to the vitamin B complex and preventing a 
dietary dermatitis in chicks. The specific dermatitis may be 
induced in chicks by feeding a diet of yellow corn-meal, wheat 
middlings, washed casein, minerals, and cod liver oil (2), or a 
heated diet of natural foodstuffs (3) or a simplified diet (1) low 
in the filtrate factor. Recently the terms “chick antidermatitis 
factor” (4) and “chick antidermatosis vitamin’ (5) have also 
been used. 

The term “Factor 2’”’ has been applied to a fraction which has 
hitherto always been found present in filtrate factor concentrates 
and which is needed by the rat (6,7). Factor 2 may or may not 
be identical with the filtrate factor. The filtrate factor has been 
shown to differ from vitamin B, (the rat antidermatitis factor, 
Factor 1) (6). Dann (8) demonstrated that the filtrate factor 
is not nicotinic acid; his findings have been confirmed (9). The 
present communication reports further experiments with the 
filtrate factor. 


EXPERIMENTAL 


The method of assay is the same as previously described 
(10), except that filtrate factor concentrates prepared from liver! 
or whey (11) often replaced rice bran filtrate in the positive control 
diet. The whey adsorbate always supplied at least 300 micro- 
grams of riboflavin per 100 gm. of diet. The assay period varied 
from 6 to 14 days. Chicks with filtrate factor deficiency readily 


1 Dr. H. W. Rhodehamel, Eli Lilly and Company, Indianapolis, kindly 
supplied the liver extract. 
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succumb to chilling, and they were hence allowed access to a 
temperature of 38° in their cages. 

Alleviation of symptoms of dermatitis was always noted to be 
approximately proportional to growth when a potent supple- 
ment was added to the heated diet (Diet 80-G (10)). However, 
the method of assay is based on growth, and it was hence thought 
desirable to examine the diet for deficiencies in growth essentials 
other than the filtrate factor. It was repeatedly noted that re- 
fined preparations of the filtrate factor, when fed at supraoptimal 
levels, produced growth responses equal to those observed on the 
positive control diet. This was thought to indicate that the crude 
concentrates used in the positive control diet were probably 
effective only as sources of the filtrate factor, especially since in 
some cases the refined preparations (11) were found to be free 
from the factor promoting growth and preventing paralysis on a 
simplified diet (12) and also? from “Factor U’’ (13). 

The possibility remains that Diet 80-G may be slightly deficient 
in growth essentials other than the filtrate factor, and that pro- 
longed feeding periods would reveal such deficiencies. The 
use of depleted chicks and a short assay period should tend to 
minimize the effect of other deficiencies. Chicks that had been 
depleted on Diet 80-G for periods of 3 to 4 weeks responded 
within 2 days, as shown by a marked increase in weight, to 
administration of concentrates of the filtrate factor orally or by 
intraperitoneal injection. The use of such prolonged depletion 
periods, however, resulted in high mortality, and a depletion 
period of 7 to 9 days was customarily used. 

It is known that a marked lowering of the nutritive value of 
casein results upon exposure to prolonged dry heat (14). Diet 
80-G was therefore examined for protein deficiency as follows: 
20 parts of unheated sardine meal were substituted for the casein 
and part of the corn-meal in the positive control diet. Sardine 
meal has been shown (15) to supply protein of biological value 
superior to that of casein for chicks. Ten chicks were used in 
each group. The gain on the positive control diet containing 
casein was 86 gm., on the diet containing sardine meal, 84 gm., 
and on the basal diet,6 gm. At the end of the 15 day assay period 


? Personal communication from Dr. E. L. R. Stokstad. 
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no dermatitis was observed on the casein positive control or 
the sardine meal diets, while the syndrome score on the basal 
diet was 33. It was concluded that protein deficiency due to 
heat damage did not retard growth on the positive control diet 
during the assay period. 

Table I summarizes a number of biological assays made in the 
customary way (10) on groups of from six to ten depleted chicks 


fed Diet 80-G. 


TaBLe I 


ls 23 nd 
sis —kles 
Zl Supplement to 100 gm. of basal diet Smiles 
3 S> si 
g|8* aise 

days gm 


0.25 cc. liver concentrate, heated in boiling water bath 12} 17 


| 
1 : 12 |None 7\ 13 
for 30 min. at pH 11 ack call 








0.25 cc. liver concentrate, heated as above at pH 10 14) 10 

0.25 *“* ie a ”" - ws = = | 27; 2 
m_o:.h = untreated | 47) 5 
Positive control diet 63) 0 

2 | 14 |None | 10) 14 
1 ce. arginine-free filtrate 63) «0 

. = = + 0.8 gm. arginine 57| 0 
Positive control diet | 69) O 

3 | 11 |None | 13) 23 
Green barley shoots, equivalent to 40 gm. by fresh weight, 10} 23 

dried on diet at room temperature 
Positive control diet | 77) 0 
eT ‘* + 25% of hemp-seed meal 75) 0 





Series 1 indicated that virtually complete destruction of the 
filtrate factor was brought about by heating in aqueous solution 
at pH values of 10 and above. 50 per cent destruction took place 
at pH 9 under the conditions of the experiment. These results 
were reported previously in abstract form (17). 

Series 2 indicated that no arginine deficiency was detectable in 
the basal diet, since growth was not improved by addition of argi- 
nine to an arginine-free filtrate. This finding is of some signifi- 
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cance in view of the results of Arnold and coworkers (18), who 
found that growth of chicks on an unheated diet quite similar 
in composition to the basal heated diet in the present communica- 
tion, supplemented with 1 per cent of yeast, was improved by 
the addition of arginine. Arginine-free filtrate was prepared 
as follows: Liver extract powder No. 343 (Lilly) was extracted 
with a solution of dry hydrogen chloride gas in isoamy! alcohol. 
The extract was concentrated under reduced pressure and taken 
up with water. The aqueous solution was partially decolorized 
by one treatment with adsorbent charcoal, followed by two treat- 
ments with filtrol (an adsorbent clay). The filtrate was treated 
with an excess of freshly precipitated lead hydroxide, the precipi- 
tate was rejected, and lead was removed from the filtrate by 
treatment with hydrogen sulfide. The filtrate was then treated 
with excess of silver sulfate followed by excess of barium hydroxide 
to remove arginine. The filtrate from this treatment was freed 
from silver by hydrogen sulfide and barium by sulfuric acid, 
and concentrated under reduced pressure. The preparation 
(arginine-free filtrate) reacted negatively to the Sakaguchi 
test for arginine. No apparent loss in activity resulted from the 
silver treatment, although Woolley and coworkers (4) have 
recently reported a loss of activity upon treatment of a concen- 
trated preparation with silver oxide. 

Series 3 indicated the absence of filtrate factor from green barley 
shoots, and showed that growth on the positive control diet was 
not improved during the assay period by the addition of hemp- 
seed meal. 

A concentrate prepared from whey (11) and containing about 
58 filtrate factor units (10) per cc. was subjected to the following 
treatment: The acidity of 50 cc. aliquots was adjusted to various 
pH values by addition of hydrochloric acid or sodium hydroxide. 
Appropriate indicators were used for the measurement of pH. 
The solutions were brought to 75 cc. by addition of water, and 
shaken with 150 cc. of acetone, which acted as an immiscible 
solvent. The acetone and aqueous phases were separated, neu- 
tralized, and concentrated to appropriate volumes. The result of 
assaying the solutions is shown in Fig. 1. Evidently the factor 
did not dissolve appreciably in acetone at pH values of 6 and 
above. This may indicate that the factor is an acid which is 
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Fic. 1. Illustrating the results of extracting aqueous solutions of the 
filtrate factor with acetone. Each cross indicates the growth of a group 
of chicks fed an aqueous phase, and each circle indicates the growth of a 
group of chicks fed an acetone phase. All fractions were fed at a level 
corresponding to 1.2 per cent of the original solution. The upper dotted 
line indicates growth of a group of chicks on the positive control diet, and 
the lower dotted line indicates the growth of a group of chicks on the basal 
diet. From nine to eleven chicks were used in each of the fourteen groups 
of chicks in the experiment. The solid lines are arbitrarily sketched to 
illustrate the trends. The syndrome scores (16) for each group at the end 
of 13 days were as follows: 
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almost completely dissociated at pH 6. If it is assumed that the 
dissociation is between 95 and 98 per cent at pH 6.0, then the 
dissociation constant is between 2 X 10-° and 5 X 10°°. The 
assumption seems reasonably justifiable from the data in Fig. 1. 
However, the addition of acetone may have caused some change 
in pH. 

Destruction by Autoclaving—In an earlier report (19) it was 
stated that the factor was not destroyed in yeast by autoclaving. 
It has since been observed that the effect of autoclaving is variable, 
and that from 90 to 95 per cent of the potency of yeast is fre- 
quently destroyed by autoclaving at 120° for 5 hours. A sample 
of rice bran extract was rendered completely inactive by such a 
treatment. 

Effect of Various Reagents--A concentrate was freed from chlo- 
rides by treatment with lead hydroxide followed by silver oxide. 
The solution was then acidified with sulfuric acid, and lead and 
silver were removed with hydrogen sulfide. The activity of an 
aliquot of the concentrate was completely destroyed by addition 
of a slight excess of potassium permanganate, but the addition 
of a corresponding amount of manganous sulfate to another 
aliquot did not destroy the activity. 

Aliquots of a concentrate from which the bases had been re- 
moved by treatment with phosphotungstic acid were allowed to 
stand at room temperature for 2 hours in contact with (a) excess 
of sodium hydroxide, (b) excess of bromine and sodium hydroxide, 
and (c) excess of bromine in acid solution. The solutions were 
then neutralized and excess of bromine was removed by aeration. 
In no case could loss of activity be detected. Evidently heat 
is necessary to bring about inactivation in alkaline solution. 
Another preparation was treated with bromine in a slightly acid 
solution, and the excess of bromine was removed by aeration. 
Excess of barium hydroxide was then added, and the resulting 
precipitate was removed. The filtrate was concentrated under 
reduced pressure and poured into 8 volumes of 95 per cent ethanol. 
The resulting precipitate was removed. Both precipitates were 
found to be inactive, but the filtrate retained most of the original 
activity of the concentrate. 

Copper acetate, followed by excess of sodium hydroxide, was 
added to an active preparation. The precipitate and filtrate 
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were separated and copper was removed by treatment with 
hydrogen sulfide. The precipitate fraction was inactive, and the 
filtrate fraction retained the potency of the original preparation. 

Attempts were made to precipitate the factor with mercuric 
ion as follows: Ethanol extracts of rice bran, liver, yeast, and 
whey concentrates were prepared and a solution of mercuric 
chloride in ethanol was added, followed by excess of potassium 
hydroxide dissolved in ethanol. The precipitate and filtrate 
fractions were acidified and freed from mercury by treatment with 
hydrogen sulfide. With one exception, the entire original activity 
was found in the filtrate fraction. The exception was a concen- 
trate prepared from whey. In this case the activity was equally 
divided between the filtrate and precipitate, and a repetition 
gave similar results. Other preparations from whey retained 
the entire activity in the filtrate fraction. Treatment with cad- 
mium chloride in ethanol solution did not precipitate the factor 
from an ethanol extract of a whey concentrate. Addition of 
excess of potassium hydroxide dissolved in ethanol to the filtrate 
from this treatment did not precipitate the factor, which remained 
in the filtrate. 


DISCUSSION 


Marked progress in concentration and purification of the chick 
antidermatitis (filtrate) factor has been achieved by Woolley 
and coworkers (4). These investigators concluded that the 
factor is acidic. The distribution of the factor between amy] 
alcohol and water has been previously shown to be influenced by 
the acidity of the aqueous phase (20, 1), which finding leads to 
a similar conclusion with regard to the acid nature of the factor. 
In the present investigation the distribution of the factor between 
acetone and water was studied, and the results indicated that the 
factor may be a comparatively strong organic acid. To judge 
from its versatile solubility, it is of low molecular weight. Its 
marked resistance to bromination and its failure to form insoluble 
metallic compounds in aqueous or alcoholic solutions are interest- 
ing properties. 

The factor is present in grains (10, 19), but could not be detected 
in some cases in certain young green leaves such as barley shoots 
and lawn clippings (21). In this respect it may be contrasted 
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with riboflavin, which is present in low concentration in grains, 
but in fairly high concentration in young green leaves. How- 
ever, the filtrate factor content of green leaves is variable. 


SUMMARY 


1. The filtrate factor (chick antidermatitis factor) was found 
to be destroyed in alkaline solution at 100°, but was not destroyed 
at room temperature. It was destroyed by potassium perman- 
ganate in acid solution. Autoclaving yeast or rice bran extract 
at 120° for 5 hours had a destructive action on the factor. 

2. Unsuccessful attempts were made to form insoluble com- 
pounds of the factor with the following metallic ions, silver, mer- 
curic, cupric, and cadmium. 

3. The factor was not destroyed by the action of bromine in 
acid or in alkaline solution. 

4. Aqueous solutions of varying degrees of acidity were ex- 
tracted with acetone. The factor remained in the aqueous phase 
at acidities corresponding to pH 6.0 and above, but passed into 
the acetone phase when the aqueous solution was more acid than 
pH 6.0. This is thought to indicate that the factor is an acid 
which is dissociated almost completely at pH values of 6.0 and 
above, and hence is a comparatively strong organic acid. 


The advice of Dr. 8. Lepkovsky is gratefully acknowledged. 
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THE B VITAMINS AND FAT METABOLISM 
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The hypothesis has been proposed (1) that one of the functions 
of thiamine is the synthesis of fat from carbohydrate. In a 
previous paper (2) we have reported the apparent production 
of fat from carbohydrate in rats which had been fed thiamine, 
and that the amount of fat was further increased by the addition 
to the diets of two other B vitamins. For many years pigeons 
have been classical test subjects for thiamine investigations. 
Accordingly, it seemed advisable to investigate the effect of 
thiamine on the formation of fat from carbohydrate in this species. 


Methods 


Normal adult pigeons, bought in the open market, were used. 
They were kept in individual screen bottom cages with food and 
water available at all times. The pigeons were weighed twice 
weekly. The diet consisted solely of polished rice. Merck’s 
crystalline thiamine dissolved in a 4 per cent solution of ethyl 
alcohol was administered per os as the only supplement. The 
criteria of the presence of polyneuritis were loss of ability to 
walk and fly and the development of head retraction. The 
pigeons were killed by ether inhalation, plucked, and the bodies 
analyzed for total crude fatty acids according to the method 
previously published (2). The results are expressed as the 
percentage of total crude fatty acids in the body after removal 
of the feathers. 


EXPERIMENTAL 


Series I—In order to obtain the normal value of the total crude 
fatty acids in the bodies of pigeons three groups of birds were 
45 
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investigated. One group was killed at the start of the experi- 
ment, the second was fed whole corn for 1 week, and the third 
was fed polished rice for 1 week. No supplements were given. 
The average weights of the pigeons and the content of crude 
fatty acids in the bodies are given in Table I. 

Series II—The body fat in pigeons suffering from polyneuritis 
was compared with that of a group receiving thiamine. One 
group of pigeons was fed polished rice, ad libitum, until poly- 
neuritis developed, and during the same period the other group 
received 60 micrograms of thiamine daily in addition to the rice 


TABLE I 





| No.of | Average | total crude fatty acids 


| pigeons weight 


gm | per cent | gm 
Series I | 
At start of experiment..........| 4 | 267 | 7.9 | 21.1 
Corn diet 1 wk................. 4 275 8.1 | 22.3 
Polished rice diet 1 wk........... 4 | 269 | 9.7 | 26.0 
Series II | | | | 
I, 66 Ghai’ s cbse od | 10 | 108 | 3.2 | 5.4 
Control, fed thiamine...........) 10 | 286 | 16.5 47.2 
Series III | | 
At start of experiment........ 10 315 | 6.0 | 18.9 
After 18 days depletion......... ae. | 247 | 8.4 | 20.7 
De JOSE. Ss. ier sD ) Re bo 8s 
Thiamine supplied after 18 days | | 
CR ln. dnennsueee sp |} 10 | 303 | 17.4 | 82.7 





ad libitum. This supplement completely protected the pigeons 
against polyneuritis. The average crude fatty acid value of the 
bodies is given in Table I. The body fat had fallen to a very low 
level in the polyneuritic group. In contrast, the thiamine-fed 
birds showed a value almost double that of the normal birds, 
determined in Series I. 

Series IIJ—The high body fat of the thiamine-fed birds in 
Series II might be considered as merely conservation of fat already 
present in the body. Series III was designed to show that 
thiamine would cause the synthesis of fat to occur, even if the 
thiamine was given after a preliminary depletion period. For 
this experiment four groups of pigeons of the same average weight 
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were investigated. The first group was killed at the start of 
the experiment to serve as a normal control. The other three 
groups were fed polished rice throughout the experiment. A 
second group was killed after 18 days, at which time the body 
stores of thiamine are probably depleted. Of the remaining 
two groups, one was continued on the rice diet until polyneuritis 
developed and the other was given, in addition to the rice, 60 
micrograms of thiamine daily for the same number of days. 
The average weight and crude fatty acid content of the bodies 
are given in Table I. The weight of fatty acids in the bodies is 
calculated for the bodies less feathers. 


Tasie Il 
Effect of Thiamine on Pigeons 
All figures are averages for ten birds. 





Polyneuritic Controls 

| pigeons =| (+ thiamine) 

gm. gm. 
ee eee: seg. 08 1 Rai. ot. a 460 
Final weight................ ree eee ae 431 
Polished rice intake per pigeon.................| 386 835 
Fat in ingested rice i ie aca 1.1 2.5 
Crude fatty acids in body................. 9.5 67.8 


Series IV—lIn view of the marked difference in body fat between 
» pigeons suffering from polyneuritis and the birds receiving a 
supplement of thiamine, the polished rice eaten by two such 
groups was measured in order to estimate the amount of fat 
supplied directly by the rice. In this series the average time 
for the development of polyneuritis was 42 days. A pigeon 
receiving thiamine from the start of the experiment was killed 
at the same time as the polyneuritic one. The amount of food 
eaten, the initial and final weights, and the amount of crude 
fatty acids in the bodies at the end of the experiment are given 
in Table II. 


DISCUSSION 


During the development of thiamine deficiency and subsequent 
polyneuritis pigeons lose appreciable weight. In Series LI 
during the preliminary 18 day depletion period there was a 
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considerable fall in body weight, and a further reduction occurred 
in those birds which developed polyneuritis. In contrast, the 
pigeons which received thiamine after the preliminary depletion 
period had almost regained their initial weight. In Series IV 
in which thiamine was given to one group of pigeons during the 
entire experiment, the loss in weight of these was slight compared 
to that of the deficient birds. 

During the development of polyneuritis the content of crude 
fatty acids in the body fell from an initial value of 8 to 10 per 
cent to 2 to 4 per cent. If the change in body weight was con- 
sidered (Series III), the total body fat fell from 18.9 gm. to 3.8 
gm. In this series there was no significant change in body fat 
during the preliminary depletion period, although there was a 
marked loss in weight. From then until polyneuritis developed, 
a period of 2 to 4 weeks, there was a marked decrease in body 
fat, indicating that the stores of body fat are not depleted until 
there has been a considerable lowering of the content of thiamine 
in the body. However, if after the 18 day depletion period 
thiamine was given, the body fat rose rapidly, showing a final 
value of 52.7 gm. Of the average gain in weight of 56 gm. during 
the supplemental period, 32 gm. or 56 per cent was accounted 
for by the increase in crude fatty acids in the body. Since thia- 
mine was the only supplement given, it must have caused this 
increase in body fat. 

The only possible source of new fat was the polished rice eaten. 
From Series IV the amount of fat, as such, present in the rice ° 
consumed can be calculated. In this experiment the pigeons 
were exceptionally large at the beginning of the experiment and 
required the longest time of any series to develop polyneuritis. 
In spite of this, the difference in food intake between the pigeons 
fed the thiamine supplement and the polyneuritic pigeons was 
449 gm. of rice, which would supply 1.4 gm. of fat as such. The 
difference in the final crude fatty acid content for these two groups 
was 58.3 gm. Thus it is clear that the amount of fat supplied in 
the rice was insignificant. The remainder of the fat must have 
been synthesized from the polished rice, most probably from 
the carbohydrate contained in it. 

The suggestion might be advanced that experiments of this 
type do not demonstrate that thiamine causes a synthesis of fat 
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but that such synthesis takes place under conditions of adequate 
nutrition. On this basis fat synthesis would be limited by a 
deficiency of any essential dietary constituent and would_be 
restored to a normal amount by supplying the deficient factor. 
Unpublished data from this laboratory (Sheppard and McHenry) 
show that guinea pigs, deficient in ascorbic acid, have a greater 
body fat than paired fed animals receiving ascorbic acid. In 
this case, at least, a dietary deficiency of another type has not 
caused a condition similar to that seen in thiamine deficiency. 

We regard the reported experiments as further evidence in 
favor of the correctness of the hypothesis of thiamine function; 
namely, the synthesis of fat from carbohydrate. 


SUMMARY 


It has been found that thiamine, as the only supplement to a 
polished rice diet, causes an increase in content of crude fatty 
acids in pigeons, presumably by synthesis from carbohydrate. 
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The oxidation of hypoxanthine and xanthine to uric acid in the 
presence of tissue brei and oxygen was first recognized in 1899 by 
Spitzer (11) as an enzymatic process. The enzyme involved was 
named xanthine oxidase by Burian (3). In 1902 Schardinger (10) 
described a reaction in which the reduction of methylene blue by 
aldehyde was catalyzed by the presence of fresh milk, the reaction 
and enzyme involved being named after the discoverer. These 
two enzymatic processes remained unrelated until some 20 years 
later when Morgan, Stewart, and Hopkins (9) showed that milk 
was a rich source of xanthine oxidase. This finding immediately 
raised the question of the identity of xanthine oxidase and the 
Schardinger enzyme. From a study of the various factors affect- 
ing these two reactions most workers (cf. Dixon and Thurlow 
(7), Booth (2)) have reached the conclusion that the same enzyme 
is involved in both. It is the purpose of this paper to describe 
the isolation of an enzyme preparation from whole milk which 
catalyzes both of these reactions and which is 500 times more 
active per unit of dry weight than the starting material. Evi- 
dence will be presented which indicates that this enzyme is a 
flavoprotein. The properties of this preparation and those of 
its flavin prosthetic group will be described. 


* A preliminary report of this work was made before the Twenty-second 
International Physiological Congress at Zurich, August 14-19, 1938, and 
in Science (1). 

t Fellow of the John Simon Guggenheim Memorial Foundation on leave 
of absence from the Department of Physiological Chemistry, the Johns 
Hopkins University, School of Medicine, Baltimore. 
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Enzyme Preparation 

The activity per unit of dry weight of the enzyme preparation 
during the process of purification was followed by determining 
manometrically at 20° the oxygen consumption with hypoxanthine 
as the substrate. The manometric test was arranged as follows: 
The main chamber of a conical manometric flask contained 1.0 
ml. of 0.1 m phosphate buffer of pH 7.2, 0.1 to 0.5 ml. of the en- 
zyme solution, and enough water to make a total volume of 3.0 
ml. The center well contained 0.2 ml. of 5 per cent KOH merely 
as a precaution, since no CO, is developed during the oxidation. 
The side bulb contained 0.2 ml. of a 0.05 m solution of hypoxan- 
thine in 0.05 m NaOH. The pH of the final mixture after the 
alkaline substrate was tipped in was 7.5 as determined by the glass 
electrode. The gas chamber contained air, the rate of oxygen 
consumption with pure oxygen being only 10 per cent higher. 
Dry weights were determined by calculation from protein nitrogen 
determination or by direct estimation on a dialyzed preparation. 
Activity is expressed below in terms of Qo,, i.¢., the ¢e.mm. of 
O, absorbed per hour per mg. of dry weight, readings during the 
first 30 minutes of the reaction being employed. 

Preliminary experiments with fresh whole milk showed that a 
large part of its xanthine oxidase content was associated with the 
cream fraction. The portion in the skim milk fraction increased 
as the milk aged, especially at low temperatures. This observa- 
tion furnished the working hypothesis that the enzyme was ad- 
sorbed on the fat droplets and could be forced into solution if the 
adsorption surface was decreased by causing the fat droplets to 
coalesce. This hypothesis, the correctness of which is not vouched 
for, forms the basis of the following method. The procedure 
possesses the advantage that the large bulk of the milk proteins is 
disposed of immediately. It is obvious that fresh whole milk 
or cream should be employed. 


Procedure 


Step I—Fresh whole milk (Qo, = 0.5) is centrifuged and the 
cream layer sucked off and recentrifuged. As complete a removal 
of the milk proteins as is possible is desirable. To each 100 gm. 
of cream, 100 ml. of 0.2 m Na,HPO, are added and the mixture is 
warmed to 38° and shaken gently at this temperature on a shaking 
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machine for 2 hours. The mixture is then centrifuged, preferably 
at 0° so that the fat solidifies, and the aqueous portion is drawn 
off from under the fat. The fat is discarded, as a second extrac- 
tion is not worth while. The last traces of fat are removed from 
the enzyme-containing extract by recentrifuging. The extract so 
obtained (120 to 130 ml.) has a milky appearance, and contains 
considerable insoluble organic matter which has the appearance 
of cellular débris. Removal of this insoluble material by high 
speed centrifugation diminishes its xanthine oxidase activity. 
The pH of the extract is 7.5, its Qo, 7 to 10. Yield, 50 per cent of 
whole milk. Though other salt solutions may be used to extract 
the enzyme from cream, the requirements of Step II dictate the 
use of the alkaline disodium phosphate solution. 

Step II—To each 100 ml. of the above extract, 100 mg. of a 
commercial preparation of pancreatic lipase are added and the 
mixture incubated at 38° for 3} hours. No preservative is used. 
The mixture which is still turbid is cooled to 20°. Addition of 
0.5 m CaCl, to this solution, which is rich in phosphate, produces 
a copious precipitate of calcium phosphate which after being centri- 
fuged off leaves a clear yellowish solution of the enzyme. No more 
CaCl, should be added than is necessary to produce a clear super- 
natant or the yield will suffer. The CaCl, should be added slowly 
with thorough shaking and the mixture allowed to stand 15 min- 
utes before centrifuging. Usually 16 to 20 ml. of CaCk (0.5 m) 
to 100 ml. of digest are required. The amount needed, however, 
is best determined for each batch by a pilot run; e.g., 2.5 ml. of 
digest are treated with 0.2, 0.3, 0.4, and 0.5 ml. of 0.5 m CaCh. 
The pH of the supernatant is 6.2, its Qo, 25. Yield, 75 per cent. 

The mode of action of lipase in this step is not clear. Its em- 
ployment (or crude commercial trypsin) in conjunction with 
adsorption on freshly precipitated calcium phosphate has been 
the only method found of removing troublesome turbidities at 
this stage. If a batch still possesses some turbidity after this 
treatment, it will be found that this is removed during the sub- 
sequent steps. 

Step III—The above solution is 60 per cent saturated with 
ammonium sulfate and allowed to stand at 0° overnight. The 
precipitate is centrifuged off at 0° and dissolved in a measured 
volume of water equal to one-tenth that of the original solution. 
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The volume of the resulting solution is measured and the volume 
of the precipitate obtained from the difference. (See Step IV.) 
This solution is golden brown in color, sometimes slightly turbid, 
its pH is 5.7, Qo, = 100. Yield, 90 per cent. 

Step IV—Ammonium sulfate is added to the above solution to 
bring its total concentration to 33 per cent saturation. The 
amount of (NH,)sSO, already present in solution is calculated, 
assuming that the volume of precipitate in the above step is all 
60 per cent ammonium sulfate. The precipitate is centrifuged 
off at 0° and discarded and the supernatant brought to 42 per cent 
saturation with ammonium sulfate. The resulting precipitate 
is centrifuged down at 0° and dissolved in an amount of water 
equal to the volume of the original solution. The solution so 
obtained is a clear golden brown color, its pH is 5.4, Qo, = 200. 
Yield, 75 per cent. Such a preparation has been used for the 
majority of experiments described below. 

By further ammonium sulfate fractionation it is usually possible 
to effect a further slight increase in purity. The purest prepara- 
tion so obtained possessed a Qo, value of 270. Though this prep- 
aration appeared to be fairly pure, various methods of precipita- 
tion at its isoelectric point yielded at best only a semicrystalline 
product. 

The above procedure may be interrupted at the end of each 
step for at least 1 week without loss in activity of the product, 
provided it is kept at 0°. The final product is best preserved in 
the precipitated state under ammonium sulfate at 0°. So kept, 
it shows little loss of activity over several months. 

1 liter of whole milk yields about 40 mg. of final enzyme prep- 
aration. Since the over-all yield of the process is about 25 
per cent, whole milk contains about 160 mg. per liter of xanthine 
oxidase of this purity. 


Absorption Spectra of Enzyme 
Solutions of the enzyme have a strong golden brown color. In 
Fig. 1 the curve labeled “oxidized” is the absorption spectrum of 
a solution buffered at pH 7.4 with 0.1 m phosphate and containing 
6.25 mg. per ml. of an enzyme preparation of Qo, 191. The ap- 
paratus and technique employed were similar to those described 
in earlier publications from this laboratory (cf. Warburg (15)). 
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In the visible region there exists one broad band lying between 
400 to 500 my. In the ultraviolet there is present a sharp band 
centered at \ 275 my, characteristic of most protein solutions. 
The ratio of the height of these two bands is approximately 12, 
which is almost identical with that for the two similarly situated 
bands of the pure yellow enzyme (Haas, unpublished data). The 
height of the absorption band at A 455 my permits a calculation 
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Fic. 1. Absorption spectra of the enzyme preparation. The solution 
measured contained 6.25 mg. per ml. of an enzyme preparation of Qo, = 
191, pH 7.4. Reduction was performed by the addition of 0.2 ml. of 0.05 m 
hypoxanthine to 5.8 ml. of the enzyme solution in the absence of air. 


of the maximum molecular weight of xanthine oxidase if we assume 
that its molar absorption coefficient at this wave-length is identi- 
cal with that of the yellow enzyme at \ 450 my; namely, 2.4 X 
10° sq. cm. per mole. Taking the nitrogen content of xanthine 
oxidase as 16 per cent, we obtain a value of 100,000. 

If the substrate hypoxanthine is now added to this enzyme solu- 
tion in the absence of air, the color fades but does not entirely dis- 
appear even if an excess of hypoxanthine is added. The absorp- 
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tion spectrum of the resulting solution is the curve in Fig. 1 
labeled “reduced.” A further slight diminution in color may now 
be produced by the addition of dithionite (NaS,0,). If air is 
then admitted, the original color is fully restored. The process 
can be repeated. 

If the values for the absorption curve of the reduced form of the 
enzyme are subtracted from those of the oxidized form, we obtain 
the curve in Fig. 1 labeled “difference.”” This curve shows two 
absorption bands centered at \ 465 my and A 370 my respectively 
and resembles more nearly those of other flavoproteins whose 
oxidized forms show two distinct bands in these regions. 


Preparation and Properties of Flavin Prosthetic Group 


The prosthetic group can be completely split off from the 
protein by acidification, heat, or the addition of alcohol. The 
protein is denatured in the process and forms an insoluble white 
precipitate. The solution that remains after removal of the pro- 
tein precipitate is a pure yellow color which is in marked contrast 
to the golden brown color of the enzyme solutions. This solution 
fluoresces strongly in ultraviolet light. Its color can be com- 
pletely discharged by the addition of dithionite and subsequently 
restored by shaking with air. The yellow pigment which is 
chloroform-insoluble can be converted into a chloroform-soluble 
lumiflavin derivative in 75 per cent yield by irradiation in alkaline 
solution according to the method of Warburg and Christian (16). 
The absorption spectrum of the product so obtained leaves no 
doubt as to the flavin nature of the pigment, as it is identical with 
that given by Warburg and Christian for the lumiflavin obtained 
by them from the yellow enzyme. 

The absorption spectrum of the prosthetic group itself, which 
is shown in Fig. 2, is clearly that of a flavin. This particular 
sample was prepared as follows: To 1 volume of enzyme solution 
there were added 4 volumes of methyl alcohol. The protein 
precipitate was centrifuged off and washed with methyl alcohol 
and then discarded. The yellow methyl alcohol solution of the 
flavin was then evaporated to dryness under a vacuum at 40° 
and the yellow residue redissolved in the smallest possible amount 
of absolute CH;OH, an insoluble white residue being centrifuged 
off and discarded. This alcoholic solution was evaporated to 
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dryness as before and the residue dissolved in water. This solu- 
tion was then made acid to Congo red with HNO; and the flavin 
precipitated as the silver salt by the addition of 30 per cent 
AgNO;. The precipitate which was centrifuged off was washed 
twice at the centrifuge with a small amount of water. It was 
then suspended in water and the precipitate decomposed by H,S. 
The precipitate of AgS was removed and the solution freed from 
H.S. 5 mil. of this solution when analyzed by Herr Luttgens 
showed a content of 30.5 micrograms of phosphorus. This 
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Fic. 2. Absorption spectra of the prosthetic group. The data have been 
plotted in terms of the molar absorption coefficient by making the assump- 
tion that the 8 value for xanthine oxidase flavin at A 450 mag is identical 
with that for riboflavin at \ 445 my. See text for preparation. 


corresponds to a concentration of 1.97 X 10-7 moles of P per ml. 
The flavin concentration of the same solution was determined 
spectrophotometrically, assuming that the molar absorption co- 
efficient 8 for \ 450 my was the same as that for riboflavin; namely, 
2.6 X 107 sq. cm. per mole. A flavin concentration of 0.92 x 10-7 
moles per ml. was found. Thus the concentration of phosphate is 
twice that of flavin, which suggests the presence of a dinucleotide 
structure perhaps similar to the flavin adenine dinucleotide re- 
ported by Warburg and Christian (17) as the coenzyme of the 
amino acid oxidase. In fact it is possible that this preparation is 
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identical with the amino acid oxidase coenzyme. First their 
absorption spectra show a marked similarity. They are practi- 
cally identical in the visible region, where both possess a maximum 
at \ 450 my. This is in contrast to riboflavin with its maximum at 
\ 445 my (see Fig. 2). Both also show an equal absorption at 
\ 265 my, an absorption which exceeds that of riboflavin in this 
region by an amount equal to that attributable to the presence of 
1 adenine molecule in the compounds. Only in the band centered 
at \ 375 my do they differ. Here the spectrum of the coenzyme 
of the amino acid oxidase is lower even than that for riboflavin. 
Second, Professor Warburg informs me that this preparation is 
as active per unit of flavin concentration as the amino acid oxidase 
coenzyme in the test utilized by Warburg and Christian (17) in 
its isolation. 

It might therefore appear that the active group of xanthine 
oxidase is a flavin adenine dinucleotide identical with the amino 
acid oxidase coenzyme. This, however, does not seem to be the 
case, as the following experiment will indicate. A solution of 
xanthine oxidase was placed in a cellophane sac and dialyzed 
against running distilled water at 0° for 2 weeks. At the end of 
this time the solution had lost most of its color and showed only 
about 20 per cent of its original activity. A solution containing 
the flavin was now prepared by simply heating an enzyme solution 
to 80° for 10 minutes and filtering off the denatured protein. 
This solution which alone was inactive, when added to the dialyzed 
preparation restored fully its original activity. In Fig. 3 are 
portrayed the results of an experiment showing the effect on the 
oxygen consumption of a dialyzed preparation upon addition of 
varying amounts of this flavin solution. The flavin concentration 
of the added solution was determined spectrophotometrically. 
Upon addition of the flavin solution the activity increased rapidly 
and reached a plateau value in this experiment after the addition 
of approximately 0.5 X 10-* moles. A series of experiments was 
now run in which the same amount of dialyzed preparation as 
above was employed but 0.5 < 10~* moles of the following flavins 
were substituted: riboflavin phosphate, amino acid oxidase 
coenzyme, and the flavin dinucleotide component of the yeast 
yellow enzyme isolated by Haas (8). These were all devoid of 
action. Also inactive was the xanthine oxidase flavin preparation 
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described above that was prepared by alcohol precipitation and 
purified through the silver salt. 

It therefore seems reasonable to conclude that the active co- 
enzyme group of xanthine oxidase is not identical with any flavin 
compound hitherto known. The results might further be inter- 
preted to indicate that a flavin plays no part in xanthine oxidase 
action. This may indeed be the case, though in the face of the 
other evidence it seems more likely that we are dealing with an 
active group composed of two components, or even with two 
different compounds, one of which is identical with the flavin 
adenine dinucleotide of Warburg and Christian and the other un- 
known but which is lost or destroyed when the flavin part is 
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Fic. 3. Reversible splitting of protein and active group. The O, con- 
sumption of a dialyzed xanthine oxidase preparation (0.57 mg.) as affected 
by the addition of the flavin prosthetic group. Substrate hypoxanthine, 
pH 7.5, temperature 20°. The manometric procedure as described under 
“Enzyme preparation’’ was used. 


isolated by means of alcohol and silver salt precipitation. One 
wonders if perhaps a tri- or tetranucleotide type of compound is 
involved. An answer may be furnished by further work that is in 
progress. 

From the experimental results shown in Fig. 3 it is possible to 
make a rough calculation of the maximum molecular weight of the 
enzyme. The quantity of dialyzed enzyme used here had a dry 
weight of 0.57 mg. and its nitrogen content as determined by 
Herr Luttgens was 16.3 per cent. In order to produce a maximum 
oxygen uptake with this quantity of protein it was necessary to 
add approximately 0.5 X 10~-* moles of flavin. We may therefore 
conclude that this amount of flavin is just sufficient to saturate 
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all the protein present. However, since the protein contains a 
residue of flavin equal to about 20 per cent of its saturated value, 
the total amount of flavin in combination with 0.57 mg. of protein 
is 0.6 X 10-* moles. If we now assume that each molecule of 
protein combines with 1 molecule of the flavin compound, then 
0.57 mg. of protein must correspond to 0.6 X 10-* moles. Hence 
a maximum molecular weight of 95,000 can be calculated. This 
preparation is undoubtedly impure, however, as it possesses a 
Qo, of 210. As stated earlier, the purest preparation obtained 
had a Qo, of 270, which would mean that such a preparation on 
this basis would yield a molecular weight of 210/270 x 95,000, 
or 74,000. The yellow enzyme according to Theorell (14) pos- 
sesses a molecular weight of about 73,000. 


Isoelectric Point 


The isoelectric point of xanthine oxidase was determined by 
the method of Theorell (13). The cataphoresis experiments were 
performed at 0°. The determination of pH was made, however, 
at 20° with the glass electrode. No attempt has been made to 
correct the pH values to 0°, as the accuracy of the cataphoresis 
method did not seem to warrant it. The results which are plotted 
in Fig. 4 show that the isoelectric point lies at about pH 6.2. It 
is of interest to note that at each pH the migration of xanthine 
oxidase as determined manometrically with either hypoxanthine 
or aldehyde as substrate and the observed movement of colored 
material were always of the same direction and magnitude, an 
observation that lends support to the belief that xanthine oxidase 
and the Schardinger enzyme are one, and that that enzyme is a 
flavoprotein. 


Oxidation of Aldehyde 


There is a marked difference in the course of the oxidation of 
acetaldehyde as compared to hypoxanthine in the presence of the 
enzyme. Typical results obtained with these two substrates are 
shown in Fig. 5. Here the manometric procedure was the same 
as described for the isolation of the enzyme except that no KOH 
was employed in the center well. Although the initial rate of 
oxidation for both substrates in this experiment is almost the same, 
it rapidly falls off in the case of aldehyde and the reaction soon 
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ceases. This is apparently due to the destruction of the enzyme, 
since the addition of more enzyme causes a further oxygen uptake. 
The addition of further substrate, aldehyde or hypoxanthine, is 
without effect. 

The improbability of the oxidation of two substrates so chem- 
ically dissimilar as aldehyde and hypoxanthine by one and the 
same enzyme has long been voiced as an objection to the claim 
that xanthine oxidase and the Schardinger enzyme are identical. 























224 THEORETICAL 
xe 1 
sr 
+} O, 
3 
| uM 
p! ph 62 
em - 100 
' 
3 
5} 
50 60 70 80 o—o HYPOXANTHINE 
pi + * ACE TAL DE HY DE 
Fia. 4 Fia. 5 


Fic. 4. Isoelectric point of xanthine oxidase as determined by cata- 
phoresis. 

Fic. 5. Oxidation course for hypoxanthine and acetaldehyde. Tem- 
perature 20°, pH 7.5, substrates: 0.2 ml. of 0.05 m hypoxanthine, enzyme as 
indicated ; 0.2 ml. of 0.10 m acetaldehyde, 0.1 ml. enzyme added at start and 
at point indicated; total volume 3.2 ml. 


It seemed possible, however, that this apparent anomaly might be 
explained by assuming that before aldehydes underwent oxidation 
they first combined with amino groups present to form a linkage 


of the type —C=N—, a grouping identical with that which is 
attacked in hypoxanthine. To test this hypothesis, therefore, 
glycine was added to the reaction mixture in the expectation that 
an acceleration of the process or a protection of the enzyme from 
destruction might occur. The results were negative. The pos- 
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sibility still remains, however, that the destruction of the enzyme 
during oxidation of aldehydes may be due to a reaction of this 
type. 

As can be seen from the curves in Fig. 4 the course of the oxida- 
tion of hypoxanthine is also not linear with time. The reaction, 
however, does run to completion and its rate is proportional to 
the enzyme concentration. As pointed out by earlier workers 
the total oxygen consumption is greater than the theoretical, 
owing to the formation of H,O.. 


Action of Cyanide 


The addition of cyanide alone to xanthine oxidase causes its 
irreversible inhibition. If, however, cyanide and substrate are 
added simultaneously, no inhibition occurs. This strange effect 
was first noted by Szent-Gyérgyi (12) and was later more ex- 
tensively studied by Dixon and Keilin (6). The xanthine oxidase 
preparation described here behaves in a similar manner when 
treated with cyanide. A typical experiment is shown in Fig. 6. 
The extent of inhibition varies not only with the final concentra- 
tion of cyanide as shown here but also with the length of time of 
contact of the cyanide and enzyme before the addition of substrate. 
The course of the oxidation in the presence of cyanide appears to 
be more linear with respect to time than in the control. This is 
perhaps best seen by comparison of Curve 1, where cyanide and 
substrate were added simultaneously, with Curve 2, the control. 

The mode of action of cyanide remains as yet unexplained. It 
apparently, however, attacks the protein part of the enzyme and 
not the flavin coenzyme. Incubation of cyanide with the active 
flavin coenzyme does not impair in the slightest its ability to 
function when added to a dialyzed enzyme preparation as in the 
type of experiment shown in Fig. 3. The dialyzed enzyme prep- 
aration, however, on treatment with cyanide no longer responds 
to the addition of the flavin coenzyme preparation. 


End-Product of Hypoxanthine Oxidation 


According to previous workers the oxidation in air of hypo- 
xanthine or xanthine in the presence of xanthine oxidase has 
yielded uric acid. Morgan, Stewart, and Hopkins (9) were able 
to isolate uric acid in 44 per cent of the theoretical yield using 
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hypoxanthine as the substrate and whole milk as a source of the 
enzyme. An attempt to confirm these findings by allowing uricase 
to act upon the end-product of hypoxanthine oxidation gave un- 
expected results. In Fig. 7 the curve drawn with a solid line 
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Fia. 6. Action of KCN. Concentrations given are for the end-concen- 
tration of KCN in the flask. Temperature 20°, pH 7.5, substrate 0.2 ml. 
of 0.05 m hypoxanthine, theoretical oxygen consumption 224 c.mm., total 
volume 3.2 ml. The manometric procedure as described under ‘‘Enzyme 
preparation’’ was used except that no KOH wasemployed. Curve 1, KCN 
added simultaneously with substrate; Curve 2, control, no KCN; Curves 
3 to 5, KCN in contact with the enzyme 1 hour at 20° before the substrate 
was added. 

Fic. 7. Action of uricase on the end-product of hypoxanthine oxidation 
by crude and purified xanthine oxidase. Temperature 38°, pH 7.5, the- 
oretical oxygen consumption for conversion of hypoxanthine to uric acid 
224 c.mm. The manometric procedure as described under “‘Enzyme 
preparation’’ was employed except when milk was used as the enzyme, then 
2.0 ml. of fresh whole milk were employed and no water added. 


shows a representative experiment. Hypoxanthine was shaken 
in a manometer flask with xanthine oxidase until no further oxy- 
gen uptake was observed, the end-value being somewhat greater 
than the theoretical calculated for the production of uric acid. 
There was then added a sample of purified uricase as prepared by 
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Davidson (5).! Instead of a further oxygen consumption re- 
sulting, as would be expected if uric acid was present, a positive 
pressure was developed in the manometer flask indicating the 
liberation of a gas. This could not be COs, as the center well 
contained KOH. The most logical explanation would seem to 
be that the uricase was acting like catalase to break down H,0, 
which had been formed during the oxidation of hypoxanthine. 
Dr. Davidson, however, informs me that he has been unable to 
detect any catalase activity in such uricase preparations. At 
any rate, there is definitely no oxygen consumption to be observed 
due to oxidation of uric acid. That the uricase is not inactivated 
is shown by the fact that the addition of lithium urate produces a 
rapid oxygen uptake. The conclusion to be drawn would seem to 
be that no uric acid had been produced by the oxidation of hypo- 
xanthine. 

If, however, whole milk instead of a purified sample of xanthine 
oxidase is used to effect the preliminary oxidation of hypoxanthine, 
a different result is obtained on the addition of uricase. The curve 
drawn with a dotted line in Fig. 7 shows such an experiment. 
Here the addition of uricase produces the expected additional 
oxygen consumption. Upon the addition of uricase to milk alone 
no oxygen uptake is observed. A somewhat similar result is 
obtained when hypoxanthine is oxidized by a purified sample of 
xanthine oxidase but a crude liver powder is added as a source of 
uricase. It would thus appear that when purified preparations 
of both xanthine oxidase and uricase are used some factor is 
missing that is essential for the conversion of the end-product of 
hypoxanthine oxidation into a substrate for uricase. Obviously 
one is led to suggest that of the two forms of uric acid, lactam and 
lactim, only one is formed by the oxidation of hypoxanthine, and 
that this one is not a suitable substrate for uricase. The use of a 
crude preparation as a source of either xanthine oxidase or uricase 
could then be said to supply some enzyme necessary for the rapid 
conversion of one form of uric acid into the other. That this is 
the true explanation of the findings seems doubtful when one con- 
siders that such tautomeric changes are usually looked upon as 
rapid. A decision must await the results of further work. 
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! I am indebted to Dr. Davidson for his kindness in supplying me with 
this preparation. 
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DISCUSSION 


The data given above have been interpreted to indicate that 
xanthine oxidase is to be classed as a flavoprotein. Since, how- 
ever, the enzyme has not been crystallized, the objection can be 
raised that the flavoprotein is an impurity in the preparation. 
This is of course a possibility, though it seems doubtful since the 
results indicate strongly that xanthine oxidase activity is closely 
associated with the pigmented protein. Moreover the flavin 
content of the purest preparation when reckoned as riboflavin from 
the absorption coefficient at \ 455 my is of the order of 0.5 per cent. 
This value is in close agreement with the flavin content of the 
purest preparations of the three other flavoproteins isolated in 
this laboratory (cf. Warburg and Christian (18)). All attempts 
to purify the enzyme further have so far been unsuccessful. If 
xanthine oxidase and the flavoprotein are not identical, then the 
similarity of their isoelectric points and other physical properties 
will indeed make their separation difficult. Since crystallization 
of a flavoprotein has yet to be accomplished, the definite proof 
of the identity or non-identity of xanthine oxidase and the flavo- 
protein will perhaps best be furnished when the exact chemical 
nature of the coenzyme of xanthine oxidase is known. 

Corran and Green (4) have recently announced the preparation 
of a flavoprotein from milk. Since their preliminary publication 
the authors have kindly informed me that they have obtained a 
preparation containing 0.5 per cent flavin which is devoid of 
xanthine oxidase activity. Can this flavoprotein be identical 
with that reported here? Until a full comparison of the proper- 
ties of the two preparations is possible, this question cannot be 
answered. The difference in xanthine oxidase activity of the two 
preparations may of course be explained on the basis of impurity 
as discussed above. It should be noted, however, that the pro- 
cedure employed by Corran and Green for the preparation of their 
flavoprotein involves working at pH 4.0. The flavoprotein prep- 
aration described here rapidly loses its xanthine oxidase activity 
when subjected to such acidities. 


SUMMARY 


A procedure for obtaining a xanthine oxidase preparation that 
is 500 times more active per unit of dry weight than the whole 
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milk used as a source is described. Solutions of this enzyme 
preparation have a strong golden brown color and possess an 
absorption spectrum with a broad band in the visible region 
lying between \ 400 and 500 my. This band disappears if hy- 
poxanthine is added to a solution from which air is excluded and 
can be restored by the admission of air. If the spectrum of the 
reduced enzyme preparation is subtracted from that of the oxi- 
dized form, a spectrum is obtained which is similar to that of 
other yellow enzymes in having two bands centered at » 370 
my and A 465 my respectively. 

The prosthetic group may be split off from the protein revers- 
ibly. Its solutions are pure yellow in color, fluoresce strongly, 
and possess the characteristic absorption spectrum of a flavin 
with two bands centered at \ 450 mu and \ 375 mu. It can be 
converted into a lumiflavin derivative identical with that ob- 
tained from riboflavin. It functions quantitatively as the co- 
enzyme of the amino acid oxidase and possesses other properties 
in common with this flavin adenine dinucleotide. The active 
group of xanthine oxidase is apparently, however, not identical 
with the amino acid oxidase coenzyme. 

The isoelectric point of xanthine oxidase as determined by 
cataphoresis experiments lies at pH 6.2. 

Its maximum molecular weight has been calculated to be 74,000. 

The enzyme preparation oxidizes both hypoxanthine and alde- 
hydes but is rapidly destroyed during the oxidation of the latter. 

Cyanide irreversibly inhibits its action. 

The end-product of hypoxanthine oxidation by purified xanthine 
oxidase does not act as a substrate for purified uricase. Crude 
preparations of xanthine oxidase, however, produce an end- 
product that is oxidized by uricase. The significance of this 
difference is discussed. 


@ 
I am indebted to Professor Otto Warburg for his valuable ad- 


vice and generous provision of laboratory facilities during this 
investigation. 
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PROTEIN ANABOLISM OF ORGANS AND TISSUES 
DURING PREGNANCY AND LACTATION* 
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It has been demonstrated that during a fast the various organs 
and tissues of the body lose protein at very different rates, some 
rapidly, others slowly, and others not at all (1). A similar dis- 
parity was found in the rate of gain in the protein content of differ- 
ent organs on refeeding after a fast (2). The significance of these 
differences in the various organs is not always obvious and this is 
especially true in the case of the liver, the organ in which the 
greatest rate and degree of change were observed. One of the 
reasons that led us to measure the total protein and organ pro- 
tein content of pregnant and lactating rats was the hope that 
further information might be obtained as to the rdéle of the liver 
in protein metabolism, but the principal incentive was the fact 
that gestation and lactation provide an opportunity to observe 
the effect of a drastic alteration in the conditions under which 
the processes of protein metabolism are ordinarily conducted. 
During pregnancy the formation of the embryos draws from the 
maternal blood the materials required for protein formation, 
while at the same time the enlargement of the uterus and formation 
of the placentas require a considerable preponderance of protein 
anabolism over catabolism. During lactation the whole of the 
rapidly increasing protein content of the litter is transferred 
through the milk proteins from the mother to the young. If in 
the non-pregnant, non-lactating female rats we find what part of 
the total protein of the body is allocated to the heart, kidney, 
liver, carcass, etc., we shall be able on comparing this control 


* This work was aided by a grant from the Rockefeller Foundation. 
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distribution with the distribution in the bodies of pregnant and 
lactating rats to answer the question as to what changes in pro- 
tein distribution have occurred in the maternal body under these 
quite singular conditions. 

100 female rats from 90 to 100 days of age were divided into 
five groups of twenty rats each in such a manner that the average 
body weight per rat in each group was 150 gm. on the day on which 
a diet containing 16 per cent of protein with adequate vitamin 
and mineral content was started.'. One group was sacrificed at 
once, another after 18 days, and another 31 days after the diet 
was begun. These were the three control groups and the increase 
in protein content over the period of observation measured the 
growth of protein in non-pregnant females. There were two 
experimental groups. From a number of females that had been 
kept with males for the previous 5 days two groups of twenty 
pregnant rats were chosen, each of which had an average body 
weight of 150 gm. when started on the 16 per cent protein diet. 
The rats of one of these groups were killed 18 days later when, on 
the average, they were at the 20th day of pregnancy. Those of 
the other groups went to term and were killed on the 31st day 
when, on the average, they had been giving milk to their young 
for 10 days. Since both the litters of the lactating rats and the 
embryos of the pregnant rats had grown solely on food derived 
from their mothers, their protein content was determined and 
added to the maternal protein. The total body and organ weights 
are given in Table I and the corresponding protein quantities in 
Table IT. 


1 The diet contained 16 per cent of casein, 9 per cent of yeast, 2 per cent 
of alfalfa, 10 per cent of sardine oil, 15 per cent of lard, 44 per cent of corn- 
starch, and 4 per cent of the Osborne-Mendel salt mixture (3). An attempt 
was made to determine the protein content of the air-dry casein and yeast. 
The total nitrogen concentrations were 13.26 and 8.39 per cent and the non- 
protein nitrogen concentrations 0.32 and 2.91 per cent respectively. Three 
methods for precipitating the protein, washing, extracting the fat, and 
drying were used and the estimates made either by direct weighings or by 
nitrogen determinations. We were not satisfied that any of these methods 
gave entirely reliable results but on averaging all our observations we con- 
cluded that the best estimate for the protein content of the air-dry casein 
was 79.1 percent. In the case of the yeast the average protein content was 
found to be 46.0 per cent but consideration of the availability as food led 
us to reduce this estimate to 31.3 per cent. According to these figures the 
protein content of the diet is 15.86 per cent. 
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TABLE [ 


Average Weight in Gm. per Rat of Organs and Tissues of Pregnant, Lactating, 
and Control Groups of Twenty Rats with an Average Body Weight of 
150 Gm. at 0 Days 


Initial | 





Control for : Control for 
eqruzels at days RESEANCY | at t-daye | Jaguation 
Body weight of mothers 150 204 172 162 179 
Weight of young 27 .057 74.900 
Total weight 150 231.057, 172 236.900 | 179 
Uterus 0.290 10.768 0.383 (0.326) 0.387 
Alimentary tract, etc.*.. 34.751, 30.965 25.312 | 28.037 | 26.708 
Drawn blood,t serum | 2.876 3.450) 2.935) 3.040) 2.876 
-“ - clot 2.452) 2.545) 2.550 2.465 2.452 
Heart 0.519 0.623) 0.573 0.582 0.597 
Kidney 0.995, 1.114 1.076 1.055 1.089 
Liver 6.567, 8.835 6.271 7.745 7.391 
Carcasst 101.550 145.700 132.900 | 118.750 137.500 


* The alimentary tract, etc., includes the entire abdominal and pelvic 


contents, except the kidneys, liver, and uterus. 


and pelvic fat was included. 

+ Drawn blood is all the blood that could be obtained from the cut ab- 
dominal aorta of the anesthetized rat while the heart was still beating. 
After centrifuging at high speed the serum and clot were separated and 


weighed. 


All visible abdominal 


t The carcass is the whole rat after exsanguination, with the heart ex- 
cised, stripped of all abdominal and pelvic organs and all visible fat. 


Taste II 


Average Protein Content in Gm. per Rat of Organs and Tissues of Pregnant, 
Lactating, and Control Groups of Twenty Rats with an Average 
Body Weight of 150 Gm. at 0 Days 


Protein in mothers 
“« “ young 
Total protein 
Maternal protein 
Uterus 


Alimentary tract, etc.... 


Drawn blood, serum 
ae ei clot 
Heart.. 


Initial 
control at 
0 days 
| 


0.040 | 
1.631 
0.166 | 
0.712 

0.083 | 
0.161 | 


aU TS days | BDADCY 
23.546 | 29.446 | 27.325 
2.072 
23.546 | 31.518 | 27.325 
0.822 | 0.049 
1.809 1.447 
0.185 | 0.196 | 
0.714| 0.743 
0.103 | 0.098 
0.177 | 0.177 | 
1.602 | 1.194 
24.034 | 23.421 








Control for 


Lactation 
at 31 days 


26.525 
9.429 
35.954 


(0.051) 
1.858 
0.140 


0.668 | 


0.097 
0.173 
1.330 
22.208 


Control for 


lactation 


at 31 days 


29.573 


29.573 


0.055 
1.685 
0.185 
0.804 
0.101 
0.183 
1.393 


25. 167 
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Since at the beginning all the groups were identical, we can 
subtract the 23.5 gm. of total protein they then contained from 
the quantities found 18 and 31 days later. In the control groups 
the increase is the new protein formed during growth and in the 
pregnant and lactating groups the added protein is the combined 
result of maternal growth and the growth of the young. Table II 
shows that in the controls there was an increase of 3.8 gm. of 
protein in 18 days and of 6.0 gm. in 31 days, while in the pregnant 
groups the increase was 8.0 gm. and in the lactating groups 12.4 
gm. of protein. Pregnancy alone is therefore responsible for 
the formation of 4.2 gm. of new protein, while on the 10th day of 
lactation 6.4 gm. of protein more than the amount to be antici- 
pated from maternal growth had been laid down. Under both 
conditions the rate of protein anabolism is more than doubled. 

It was not possible to get reliable food measurements in the lac- 
tating group but in the pregnancy group the total protein taken 
in the food during 18 days was 34.8 gm. per rat and, since there 
was a new formation of 8 gm. of protein, 23 per cent of the protein 
eaten was used for anabolism. In the corresponding control 
group 24.2 gm. per rat were eaten and of this amount 16 per cent 
was used in growth. 

A comparison of Tables I and II shows that the gain in weight 
during pregnancy and lactation is out of proportion to the gain in 
protein, so that the concentration of total protein per 100 gm. of 
total weight falls during pregnancy and lactation relatively to the 
controls. This is largely due to the high water content of the 
uterine contents in pregnancy (the embryos contained 7.7 per 
cent of protein) and of the 10 day-old litters (the protein concen- 
tration of the litters was 12.6 per cent). But this is not the only 
reason, for, if we consider the protein concentration in the organs 
and tissues of the mother alone, it will be noted that with the ex- 
ception of the alimentary tract, and the carcass in the lactating 
group, there is a general reduction in protein per 100 gm. of organ 
or tissue weight. The order and extent of this protein dilution 
are shown in Figs. 1 and 2. 

This reduction in protein concentration cannot be ascribed to 
an increase in the fat content of the organs and tissues in preg- 
nancy and lactation. Inspection suggested a decrease of fat 
content and this is borne out by the fact that the alimentary 
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tract in whose weight all visible abdominal and pelvic fat is in- 
cluded is an exception to the general rule and has a higher con- 
centration of protein than the controls. It is therefore highly 
probable that the reduction in protein concentration is due to an 
increased water content of the maternal tissues, though it cannot be 
concluded that this is a phenomenon always characteristic of 
pregnancy and lactation because our observations were made 
under one set of dietary conditions, and the food given contained 
only 16 per cent of protein, almost all in the form of casein. 

The concentration of protein in the organs and tissues is in 
itself a measurement whose significance is ambiguous, since it may 
be altered by changes in either water or fat content. There is no 
such doubt when we consider the total protein content of the body 
and find what proportion of that total is allocated to the various 
organs and tissues, for protein is the essential operating machinery 
of the body and the proportion distributed to each organ can be 
regarded as an indication of its significance in the total economy. 
Our reason for this statement rests on the observation that when 
conditions are devised that increase or decrease the work of the 
heart or kidney we have found a corresponding rise or fall in the 
proportion of the total protein found in these organs, so that if 
time for adjustment is allowed the pattern of distribution of 
protein in the various parts of the body may be taken as an indi- 
eator of function. During pregnancy and lactation, on the diet 
we gave, the conditions with respect to protein are of such a nature 
as to necessitate an unusual economy in the distribution of the 
total available amount. During pregnancy the maternal organ- 
ism becomes subsidiary to the needs of the rapidly growing 
parasitic embryos, and throughout lactation the drain on the 
maternal resources is continued through the provision in the milk 
of all of the protein used by the young. Under such conditions 
deviations from the distribution in the organs and tissues of con- 
trol rats subjected to no such drain are of interest as a rough in- 
dication of their relative functional importance. This distribu- 
tion of maternal protein (total protein less the protein of the uterus, 
the embryos, and the young) in pregnancy and lactation relative 
to that found in the controls is shown in Figs. 3 and 4. 

The results show that in pregnancy the serum and clot of the 
drawn blood, the kidney, and the carcass have smaller proportions 














Poo, Lew, and Addis 75 


PREGNANCY 
DISTRIBUTION OF PROTEIN (PROTEIN PER 100 GS. 
MATERNAL PROTEIN) RELATIVE TO DISTRIBUTION 
IN CONTROLS. (CONTROLS =0). 


a SERUM | CLOT [KIONEY CARCASG HEART [ALTRAC] LIVER | 











+20-- 


+10} 























Fic. 3 


LACTATION 
DISTRIBUTION OF PROTEIN (PROTEIN PER 100 GMS. 
TOTAL MATERNAL PROTEIN) RELATIVE TO 
DISTRIBUTION IN CONTROLS. (CONTROLS=0). 
SERUM] CLOT | KIDNEY HEART |AL TRAC] LIVER 



































eS Et > -- 


a 


SE OL - ~ee reat. ¢ 


PROVE LOM I ESE tat 4 ERT ty sts 





76 Protein Anabolism during Pregnancy 


of the total protein assigned to them and that other organs, the 
alimentary tract and the liver, have considerably more than the 
controls. The increase in the alimentary tract may be a result 
of the work hypertrophy that has been shown to follow an increase 
in the bulk of food consumed (4). Whether the decrease in serum, 
clot, and carcass protein is a depletion effect arising because the 
gastrointestinal tract was mechanically incapable of carrying the 
quantity of food containing only 16 per cent of protein that was 
required to meet the increased demand is a question that can be 
answered by observing the effect of foods with higher protein 
concentrations. If with increase in total protein consumption 
we no longer find any decrease in the amount of protein allocated 
to these tissues, the simple depletion hypothesis is validated. 
But if this decrease is found even when more than adequate 
quantities of protein are taken, we must look for some other 
mechanism. These considerations apply also to the decrease in 
serum, clot, and carcass protein proportions during lactation, 
while the increase in the kidney protein in lactation suggests a 
greater consumption and catabolism of protein, since in other ex- 
periments we have found that the proportion of protein in the 
kidney varies with nitrogen excretion. 

The unexpected and most interesting result is the 28 per cent 
increase in the amount of protein allocated to the liver in preg- 
nancy, unexpected because in other experiments in which the 
effect of dietetic or metabolic changes has been observed there 
has been agreement in the direction of change in kidney and liver 
protein changes (5) and interesting because the reason for the 
increase in liver protein is uncertain. One possibility is that it 
represents a store of protein laid down against the need of protein 
for milk formation, and that this storage is a special adaptation 
for the preservation of the species developed in rodents under 
conditions of life in which a temporary shortage of protein may be 
a frequently recurring event during lactation. But if the decrease 
in blood and carcass protein is the effect of a depletion of protein, 
this storage must be a very special adaptation, since as a rule 
there is a very rapid decrease in liver protein whenever the pro- 
tein intake is inadequate (6). The other possibility is that the 
increase is the result of a work hypertrophy of the liver during 
pregnancy. But we have no knowledge as to the nature of this 
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hypothetical work. At best we can relate it to the increase in 
anabolic activity in pregnancy and suppose that it may be some 
energy-requiring preparation of material utilized by the embryos. 
As between storage or work hypertrophy it may be hoped that 
total protein and organ protein determinations on pregnant rats 
given protein quantities from bare maintenance to surplus amounts 
will be decisive. These observations are now being made. 


SUMMARY 


1. The rate of protein anabolism in growing rats is more than 
doubled towards the end of pregnancy and on the 10th day of 
lactation. 

2. The concentration of protein per 100 gm. of organ or tissue 
weight is most reduced in the serum and in successively less 
degree in the liver, blood clot, kidney, and heart in both preg- 
nancy and lactation on a diet that contained 16 per cent of protein. 

3. The proportion of the total maternal protein allocated to the 
serum, blood clot, kidney, and carcass is reduced in pregnancy. 
In lactation the serum, blood clot, and to a slight degree the carcass 
have less than the usual proportions of the total protein. In both 
pregnancy and lactation the alimentary tract contains more than 
the usual proportion of protein. 

4. There is a 28 per cent increase in the proportion of protein 
assigned to the liver in pregnancy. 
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NOTE ON THE ACTION OF MANGANESE AND SOME 
OTHER METALS ON THE OXIDATION OF CERTAIN 
SUBSTANCES BY LIVER 


By FREDERICK BERNHEIM ano MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 


(Received for publication, January 6, 1939) 


Titanium with an atomic number of 22 and vanadium with an 
atomic number of 23 have been shown to have specific actions on 
certain biological oxidations (1). It was therefore of interest to 
study the effects of chromium, manganese, iron, cobalt, and nickel, 
elements with atomic numbers from 24 to 28. Addition of these 
elements in the form of various salts to rat liver suspensions 
showed that, with the exception of manganese, they had very 
little effect on the oxygen uptake. Manganese in concentrations 
of m/20,000 caused a definite inhibition of the oxygen uptake of 
rat liver, but not of kidney and brain. This inhibition was freat- 
est at pH 6.7 and fell off rapidly with increasing alkalinity. The 
oxidation of amino acids, amines, uric acid, choline, alcohol, 
lactate, succinate, and glucose was not affected by the presence 
of manganese. The oxidation of phospholipids by the vanadium- 
protein system and the oxidation of cysteine were definitely in- 
hibited. 


EXPERIMENTAL 


The rat liver was prepared by the method already described 
(1) and the procedure outlined in these two papers was followed 
exactly. For the phospholipid an alcohol extract of rat liver was 
used. Fig. 1 shows the effect of the various salts on the oxidation 
of phospholipids catalyzed by the vanadium-protein system. The 
salts were dissolved in water and added to the liver suspension. 
Manganese inhibits the oxidation completely, cobalt partially, 
and none of the other elements has any effect. To this negative 
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group belong titanium (6 micrograms) added as sodium perti- 
tanate and chromium (5 micrograms) added as chromium potas- 
sium sulfate or potassium dichromate. Higher concentrations of 
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Fic. 1. The effect of various metals on the oxidation of rat liver phos- 
pholipid in the presence of 0.5 cc. of washed rat liver protein and 0.1 mg. 
of sodium metavanadate at pH 6.7 and 37°. Beside nickel chloride and 
ferric chloride, 5 micrograms of chromium as chromium potassium sulfate 
or potassium dichromate and 6 micrograms of titanium as sodium per- 
titanate are without effect. The cobalt was added as cobalt sulfate, the 
manganese as manganese chloride. The volume in each vessel was 2.0 cc. 
The control represents the uptake of protein and phospholipid without 
vanadium. The uptake of the protein and various metals has been sub- 
tracted from the values of the curves which represent the oxidation of the 
phospholipid. 

Fia. 2. The effect of various concentrations of manganese as manganese 
chloride on the oxidation of rat liver phospholipids by the vanadium- 
protein system at pH 6.7 and 37°. Manganese added as potassium per- 
manganate gives similar concentration curves. The volume in each vessel 
was 2.0 cc. The uptake of protein and metals without phospholipid was 
substracted from the values of each curve. The control represents the 
uptake of protein and phospholipid without vanadium. 
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these elements show some inhibition. Fig. 2 shows the effect of 
different concentrations of manganese on the vanadium-catalyzed 
phospholipid oxidation. Exactly similar curves can be obtained 
if the manganese is added as potassium permanganate. Man- 
ganese also inhibits the slow oxidation of phospholipid by the 
washed liver protein in the absence of vanadium. 

Titanium has been shown to inhibit the oxidation of cysteine to 
its sulfonic acid. Table I shows the effect of the various other 
metals on this oxidation. Manganese and cobalt show complete 


TaBLe | 


Effect of Manganese Chloride, Cobalt Sulfate, Nickel Chloride, Potassium 
Dichromate, Chromium Potassium Sulfate, and Sodium Metavanadate 
on Oxygen Uptake of 0.25 Mg. of Cysteine Hydrochloride (Neu- 
tralized) in Presence of 0.5 Cc. of Washed Liver Protein at 
pH 6.7 and 87° 


The figures given in micrograms are the amounts of metal present in the 
salts added. The total volume of fluid in each vessel was 2.0 cc. 
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inhibitions in very small concentrations. Chromium shows some 
inhibition but vanadium and nickel are without effect. Increas- 
ing the concentrations 10 times causes marked inhibitions in all 
cases except vanadium. The metals have a similiar effect on the 
oxidation of thioglycolic acid. 


DISCUSSION 


As manganese (2) as well as vanadium is found in all livers, 
it is possible that these two elements acting in different directions 
on phospholipid oxidation may be used by the cell to regulate the 
rate of the oxidation. 
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SUMMARY 


1. Manganese and, to a lesser extent, cobalt inhibit the oxida- 
tion of phospholipid by the washed liver protein-vanadium system. 
Nickel, iron, titanium, and chromium have no effect. 

2. Manganese and cobalt as well as titanium inhibit the oxida- 
tion by washed liver protein of cysteine to its sulfonic acid. 
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CHEMICAL DIFFERENCES OF THE FOLLICLE-STIMULAT- 
ING AND LUTEINIZING HORMONES OF THE 
PITUITARY* 


By H. L. FEVOLD 
(From the Biological Laboratories, Harvard University, Cambridge) 


(Received for publication, January 11, 1939) 


The follicle-stimulating and the luteinizing hormones of the 
anterior pituitary have been separated and characterized physi- 
ologically as two distinct gonadotropic principles (1, 2). Chemi- 
cally, however, the two factors have thus far been differentiated 
only by their individual solubilities in aqueous -olvents, the lu- 
teinizing hormone being less soluble and more easily precipitated 
than the follicle-stimulating hormone. Recently, McShan and 
Meyer (3) have reported that the follicle-stimulating hormone 
differs from the luteinizing hormone by being destroyed by 
ptyalin but not by trypsin, whereas the reverse is true for the 
luteinizing hormone. 

This paper reports certain reactions which demonstrate a true 
chemical difference between the two hormones. When the two 
hormones are treated with picrolonic, flavianic, or picric acid, 
precipitation of both substances is complete, but whereas the 
follicle-stimulating hormone is inactivated, the luteinizing hor- 
mone retains its physiological activity. Furthermore, the in- 
activation of the follicle-stimulating hormone is reversible and the 
activity is regenerated when the acid is removed. 

A further difference in the two hormones is shown by intraperi- 
toneal injection. The luteinizing hormone is fully as active when 
given by this route as when injected subcutaneously, while the 
follicle-stimulating hormone is almost completely ineffective 
when injected into the peritoneal cavity. 


* Aided by a grant from the Rockefeller Foundation, administered by 
Frederick L. Hisaw. 
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EXPERIMENTAL 
Material and Methods 


The follicle-stimulating and the luteinizing hormones used in 
these experiments were taken from water-soluble stock solutions 
prepared from fresh sheep pituitaries. For standardization and 
injection, both were routinely precipitated with tannic acid and 
injected as insoluble tannates. It has been shown previously 
that tannic acid exerts no other effect on the hormones than to 
make them insoluble, thereby decreasing the rate of absorption 
and consequently increasing the efficiency of utilization (4). 

The animals which were used in these experiments were 21 
day-old male and female rats. The tests on the females were car- 
ried out by injecting the preparation in 0.25 cc. doses twice daily 
for 3 days and weighing the ovaries the morning of the 4th day. 
The males were similarly injected for 5 days and the seminal ves- 
icles plus coagulation glands weighed the morning of the 6th day. 
The figures reported in Tables I to VI are the results of final 
experiments and are the averages of the weights of the glands of 
at least three animals in each instance. 

Effect of Picrolonic, Flavianic, and Picric Acids on the Follicle- 
Stimulating, Luteinizing, and Unfractionated Extracts (Follicle- 
Stimulating Plus Luteinizing Hormones)—1 cc. of the aqueous solu- 
tion of the follicle-stimulating hormone, containing 80 rat units 
per cc., was treated, drop by drop, with an acetone solution of 
picrolonic acid until precipitation was complete. The precipitate 
was washed once with 2 cc. of distilled water, centrifuged, and 
emulsified in water. One-half of this preparation was used for 
testing in immature rats. The remainder, in 3 cc. of water, was 
just dissolved by the careful addition of 10 per cent NaOH, the 
pH after solution being approximately 6.5. The dissolved ma- 
terial was precipitated by being poured into 30 cc. of cold acetone; 
the precipitate was collected by centrifuging, dissolved in 3 cc. 
of water, precipitated with tannic acid, and prepared for injection 
as before. The same procedure was followed in making picric 
acid and flavianic acid precipitates, except that aqueous solutions 
of these acids were used. 

The results (Table I) clearly show that the precipitates of the 
follicle-stimulating hormone with picrolonic, picric, and flavianic 
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acids were inactive in promoting follicular growth. The highest 
dosages of the picric and flavianie acid precipitates produced 
slight increases in ovarian weight (less than one-sixth of the orig- 
inal potency) but the picrolonic acid precipitate was completely 
ineffective, even at the highest dose. However, after the acids 
were removed as described, the follicle-stimulating hormone was 
as active as before. It is evident therefore that the acids com- 
bined with the active substance in such a way as to render the 
prosthetic group inactive, the prosthetic group being again set 
free when the acid was removed. 

A purified preparation of luteinizing hormone, free of follicle- 
stimulating hormone and containing 40 male units per cc., was 











TaBie I 
Effect of Picrolonic, Picric, and Flavianic Acids on Follicle-Stimulating 
Hormone 
Dosage, ret unite. ee suet ccadababhe skater 6 3 — 
. ‘Oveshe weight, ne. 
Me. uGvvel jv nme 3s | 2 
IN oe vss cee b's onsen cdeOdGa ee cecan @ I 13 | 12 
RS RR Sp tt | 18 13 ll 
Flavianate................ er - f 156 12 
Picrolonate to tannate y ™ © Tee 33 23 
Picrate to tannate.............. _ 73 35 20 
Flavianate to tannate..................... 71 29 21 
Free aqueous follicle-stimulating hormone...| 35 28 17 








prepared for injection by precipitation with tannic, picrolonic, 
picric, and flavianic acids in the same manner as described for 
the follicle-stimulating hormone. Upon assay, all the precipitates 
were found to be of approximately equal potency, showing no 
indications of inactivation (Table IT). 

A crude unfractionated extract of fresh sheep pituitary tissue 
was prepared in three forms: (1) tannate, (2) picrolonate, (3) 
picrolonate which was converted to tannate. All of these prepa- 
rations were tested in male and female immature rats. The 
results show that the activity in immature females was lost on 
precipitation with picrolonic acid, but was regenerated when 
the material was again freed from the acid. In the male a differ- 
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ence between the response to the tannate and to the picrolonate 
is noted. With the picrolonate, a limit was quickly reached at 
20 to 25 mg. and no further increase in seminal vesicle response 
took place with increase of dosage. Equivalent amounts of the 
tannic acid precipitate gave a greater response than the picro- 
lonate, the seminal vesicles continuing to increase with increasing 
dosage of the tannate up to 50 mg. (Table III). 





Tasie II 
Non-Effect of Picrolonic, Picric, and Flavianic Acids on Luteinizing Hormone 
Dosage, rat wnits...... | 0 | 10 | 20 | 4.0 |} so | 160 ’ 





Weight of seminal vesicles, mg. 








18 














Tannate............. 4 | | 1 | 2 | 25 | 23 
Picrolonate.......... | 13 Ss t @ | DP 20 21 
SUC os ccae ves 6 | 9 | 19 | 2@ | 21 22 
Flavianate........... eee oe ne ee i ee 24 
TABLE III 
Effect of Picrolonic Acid on Unfractionated Anterior Pituitary Gonadotropic 
Extract 
i ae hw Simm | 10 | 0.5 02 | 0. | 0.05 
| Weight of code a coninal vesicles, mg. 
ree ¢| 10 | 8 60 | 43 32 
Picrolonate sd | i B.fis 
” to tannate...| 9 98 87 47 40 36 
Tannate................. le} 5 | 43 37 30 26 
Picrolonate.............. ia | B | B 21 22 19 
“ to tannate. . | a | 52 | 50 40 29 27 





* Dosages are given in gm. equivalents of fresh tissue. 


We have previously reported that while the follicle-stimulating 
hormone alone does not cause secretion of male hormone it does 
increase the action of the luteinizing hormone in producing secre- 
tion of androgen, as measured by the weight of the seminal ves- 
icles (5). Since picrolonic acid inactivates the follicle-stimulating 
hormone, it appears that the difference between the responses to 
the material precipitated with tannic acid and to the same ma- 
terial precipitated with picrolonic acid is due to the presence of 
active follicle-stimulating hormone in one preparation and not 
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in the other. Further evidence showing that this is so is obtained 
from a comparison of intraperitoneal and subcutaneous injections 
of unfractionated extracts. 

Relative Efficiency of Subcutaneous and Intraperitoneal Injec- 
tions of Tannic and Picrolonic Acid Preparations of Luteinizing, 
Follicle-Stimulating, and Follicle-Stimulating Plus Luteinizing 
Hormones—lIn order to test the comparative efficiency of subcu- 
taneous and intraperitoneal injections of luteinizing hormone, it 
was precipitated with tannic acid and also with picrolonic acid 
and each preparation was injected in two groups of immature male 
rats, one group being injected subcutaneously and the other intra- 
peritoneally. The results show that both preparations were 
equally effective by either method of injection (Table IV). 


Tasie IV 


Comparative Efficiency of Subcutaneous and Intraperitoneal Injections of 
Luteinizing Hormone 


Dosage, ret unite 0.5 1.0 2.0 40 | 80 | 16.0 


Weight of seminal vesicles, mg. 


Tannate, subcutaneous 15 19 21 21 24 23 
” intraperitoneal 13 17 22 20 22 21 
Picrolonate, subcutaneous 16 18 21 20 23 21 
intraperitoneal 17 19 18 22 21 22 


Intraperitoneal injections of follicle-stimulating hormone were 
ineffective as compared to subcutaneous injections. Slight 
stimulation was obtained with 5 and 15 rat units, as shown by 
some uterine enlargement. The rats given 1 unit showed no 
stimulation, as judged by either ovarian or uterine response. 
The ovarian weights after the subcutaneous injection of 1, 5, 
and 15 rat units were 22, 44, and 62 mg. respectively; after cor- 
responding intraperitoneal injections, 10, 18, and 15 mg. 

The effect of follicle-stimulating hormone on the action of lu- 
teinizing hormone was further evidenced when the picrolonic and 
tannic acid precipitates of an unfractionated gonadotropic extract 
were injected in immature males, subcutaneously and intra- 
peritoneally. As before, the picrolonate was just as effective in 
causing hypertrophy of the seminal vesicles when injected intra- 
peritoneally as it was subcutaneously. The material precipitated 
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with tannic acid, however, showed the same activity as the 
picrolonate when injected intraperitoneally, but was more effec- 
tive when injected subcutaneously (Table V). The explanation 
of this becomes evident when we consider that the follicle-stimu- 
lating hormone is not effective when injected intraperitoneally, 
and that it is likewise inactivated by picrolonic acid. The results 
obtained when the picrolonic acid preparation is injected either 
subcutaneously or intraperitoneally or when the material precipi- 
tated with tannic acid is injected intraperitoneally are due to the 
action of luteinizing hormone alone on the interstitial elements. 
When the tannic acid preparation is injected subcutaneously, 
the results reflect the action of the luteinizing hormone aug- 


TABLE V 


Subcutaneous and Intraperitoneal Injection of Tannic and Picrolonic Acid 
Precipitates of Unfractionated Extract in Immature Rats 
Dosage* ae | 10 | 08 | 0.25 ol | 0.05 





Weight of seminal! vesicles, mg. 


Tannate, subcutaneous....... 4 43 | 36 28 20 
intraperitoneal...... 23 3B 2;| DR | B 
Picrolonate, subcutaneous... 24 22 | W@W | 19 19 
” intraperitoneal...| 25 22 2 | #18 19 








* Dosages are given in gm. equivalents of fresh tissue. 


mented by the follicle-stimulating hormone which is present and 
is, under these conditions, free to act. 

Effect of Luteinizing, Follicle-Stimulating, and Follicle-Stimulating 
Plus Luteinizing Hormones on Male Hormone Secretion in Hypo- 
physectomized Rats—Since the ability of the luteinizing hormone 
to produce secretion of male hormone was so sharply limited in 
normal immature rats, a series of hypophysectomized rats was 
treated with luteinizing hormone to determine whether this was still 
more markedly the case when the animal’s dwn pituitary was 
unable to contribute to the reaction. The rats were hypophysec- 
tomized when they were 28 days old, and a postoperative period 
of 7 days allowed to elapse before injections were started. Three 
groups of rats received 2, 8, and 16 rat units respectively, over a 
period of 8 days. Another group received 8 units of follicle- 
stimulating hormone, while still another received 8 units of this 
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hormone plus 8 units of luteinizing hormone. In none of the 
rats receiving the luteinizing hormone alone did the testes descend 
into the scrotum, whereas the testes of those receiving both hor- 
mones assumed the scrotal position after 3 or 4 days of treatment. 
The seminal vesicles of the rats receiving follicle-stimulating hor- 
mone alone were not enlarged over those of the controls and the 
enlargement produced with luteinizing hormone alone was not 
very great and was not markedly different in those receiving 2, 8, 
or 16 units. In contrast, the seminal vesicles of those receiving 
follicle-stimulating in addition to luteinizing hormone were much 
more enlarged, showing definitely the complementary effect of 
the follicle-stimulating hormone (Table VI). 


Taste VI 


Comparative Effect of Follicle-Stimulating, Luteinizing, and Follicle- 
Stimulating Plus Luteinizing Hormones on Seminal Vesicles of 
Hypophysectomized Rats 


Dosage Seminal Testes 


vesicles 

rat units mg. mg. 

Follicle-stimulating. . | 8 6 170 
Luteinizing. ..... . 16 12 152 
os Recad.4 s 13 150 

e 2 11 138 

= + follicle-stimulating re 8+ 8 37 350 
Controls mane yee sti 0 5 82 





DISCUSSION 


The difference in the reaction of the follicle-stimulating and 
luteinizing hormones to the reagents used in this investigation 
indicates that the prosthetic groups responsible for follicle stimu- 
lation and luteinization must be different. The active group of 
the follicle-stimulating hormone apparently combines with the 
reagents, thereby becoming inactive, whereas that of the luteiniz- 
ing hormone either does not so combine or at least is not inacti- 
vated by the combination. A basic group is indicated as being 
necessary for the physiological activity of the follicle-stimulating 
hormone, while that responsible for luteinizing activity is of a 
different type. 

The intimate association of these two factors in gonadal de- 
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velopment in the male is demonstrated by the facts which have 
been presented. It is apparent that the action of luteinizing 
hormone on the interstitial elements of the testes is enhanced by 
the presence of follicle-stimulating hormone. While the latter 
hormone alone does not elicit secretion from the interstitial cells, 
its action on the testes increases the stimulation of the interstitial 
cells by the luteinizing hormone. It is apparent that in a 21 to 
26 day-old rat, or in hypophysectomized rats, the amount of 
secretion of male hormone from the interstitial cells, as indicated 
by seminal vesicle hypertrophy, which can be induced by luteiniz- 
ing hormone alone, is limited. When follicle-stimulating hormone 
is present, however, the secretion of male hormone is increased 
and the seminal vesicles are very much enlarged. 

Since these two hormones apparently act on different structures 
of the testes, namely the interstitial cells and the tubules, it is 
difficult to understand their synergism. The follicle-stimulating 
and luteinizing hormones act on the same general structure in 
the female gonad, so one can readily understand that one factor 
conditions the structure for the other. In the male, however, 
the luteinizing hormone has no direct spermatogenic effect on the 
tubules and the follicle-stimulating hormone does not stimulate 
interstitial cell hypertrophy and secretion of male hormone, but 
it does increase male hormone secretion when present with the 
luteinizing hormone. Whether it does this directly or indirectly 
through the tubules cannot be answered at the present time. 

It has been generally believed that gonadotropic extracts of the 
pituitary are ineffective when given by the intraperitoneal route. 
This belief was based on the fact that pituitary extracts, so in- 
jected into immature female rats, failed to induce ovarian hyper- 
trophy. It is now clear that this is due to a failure of the action 
of follicle-stimulating hormone, for without it luteinizing hormone 
does not produce gross effects on the ovary. Luteinizing hormone 
is equally effective by either subcutaneous or intraperitoneal 
route, as demonstrated in immature male rats. If an unfrac- 
tionated extract is injected intraperitoneally in immature males, 
the response obtained is much less than if it is given subcutane- 
ously. This can be explained by the fact that the follicle-stimu- 
lating hormone is not effective and the augmentation effect be- 
tween the follicle-stimulating and the luteinizing hormone is 
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not obtained. The results represent the effect of the luteinizing 
hormone acting alone and are equal in magnitude to those ob- 
tained when the follicle-stimulating hormone of the same prepa- 
ration is inactivated by precipitation with picrolonic acid. 

Heretofore the difficulty of assaying unfractionated extracts 
for either of the two pituitary gonadotropic hormones (follicle- 
stimulating and luteinizing) has been that the interaction between 
the two in any physiological reaction gives results which are not 
quantitative for either. The most convenient method for stand- 
ardizing the luteinizing hormone takes advantage of its property 
of stimulating the interstitial tissue of the male gonad to secrete 
male hormone with consequent enlargement of the secondary sex 
glands. By determining the increase in the weight of the seminal 
vesicles it is possible to establish a unit. However, in the pres- 
ence of follicle-stimulating hormone, the action of a given amount 
of luteinizing hormone is increased, so that the effect is partially 
due to the former. This difficulty can now be obviated and the 
true value of the luteinizing hormone determined in two ways: 
either by injecting the material intraperitoneally, or by precipi- 
tating the material with picrolonic acid and assaying the precipi- 
tate. The unit is the same as previously defined; namely, the 
smallest amount necessary to produce a 100 per cent increase in 
the weight of the seminal vesicles (1). 


SUMMARY 


1. The follicle-stimulating hormone is precipitated and inac- 
tivated by picrolonic, picric, and flavianic acids. The reaction is 
reversible and the activity is regenerated when the acids are 
removed from the precipitates. 

2. The luteinizing hormone is not inactivated by these reagents. 

3. The luteinizing hormone is as effective when injected intra- 
peritoneally as when injected subcutaneously. 

4. The follicle-stimulating hormone is ineffective when injected 
into the peritoneal cavity. 

5. The follicle-stimulating hormone, while itself incapable of 
stimulating the interstitial cells of the testes to secrete male 
hormone, augments the action of the luteinizing hormone in this 
reaction. 
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THE CYSTINE CONTENT OF DEAMINIZED PROTEINS* 


By W. C. HESS anv M. X. SULLIVAN 


(From the Chemo-Medical Research Institute, Georgetown University, 
Washington) 


(Received for publication, December 23, 1938) 


Van Slyke and Birchard (1) have suggested that the nitrogen 
liberated when proteins are treated with nitrous acid originates 
largely from the ¢-amino group of lysine. However, the existence 
of a quantitative relationship between the free amino nitrogen 
and the lysine content of a protein is believed by Kossel and 
Gawrilow (2) to be improbable. Edlbacher (3) and Felix (4) 
observed that certain lysine-free proteins were methylated as 
readily as those containing lysine. They found, also, that the 
free amino nitrogen content of histones and of sturine as well as 
of gelatin and glycinin was considerably greater than could be 
accounted for by the lysine content of these proteins. 

As a result of these observations numerous studies have been 
made on the effect of nitrous acid upon proteins. The early work 
has been reviewed by Dunn and Lewis (5). In their own experi- 
ments they found that the tyrosine in casein was partially de- 
stroyed by deamination but not completely so, as maintained by 
Skraup (6). By the method of Van Slyke the deaminized casein 
showed only 54 per cent as much cystine as did the original un- 
treated casein. Wiley and Lewis (7) using the same method found 
an increase in cystine nitrogen upon deamination. No explana- 
tion for this divergence in findings was offered; however, the 
authors believe the Van Slyke method to be inaccurate for the 
determination of certain characteristic groups in the protein 
molecule. 

Steudel and Schumann (8) by the use of the Folin-Looney (9) 
method reported results that indicated a 5-fold increase in the 


* A preliminary report of this work was presented before the meeting of 
the American Society of Biological Chemists at Washington, March, 1936. 
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cystine content of casein after it had been treated with nitrous 
acid. Subsequently Steudel and Wohinz (10), employing the 
Folin-Marenzi (11) method after the same treatment, obtained 
a 2-fold increase. No adequate explanation for these large 
increases was given. White (12) has determined the cystine 
content of both casein and deaminized casein by means of the 
copper precipitation method of Vickery and White (13) and judged 
that the cystine content of the casein was not altered by the 
action of nitrous acid. 

In view of these conflicting findings, it would appear that 
further work is necessary to establish the effect of nitrous acid 
upon the cystine content of casein and also of other proteins. 
Accordingly, casein, lactalbumin, and wool were deaminized by 
the method of Dunn and Lewis (5). After deamination the 
respective proteins were tested for free amino nitrogen by the 
Van Slyke (14) method. Deaminized casein and deaminized 
lactalbumin, dissolved in 90 per cent formic acid, were negative. 
The deaminized wool would not dissolve in formic acid but did 
go into solution in 0.01 N sodium hydroxide with gentle heating 
for 10 minutes. Undeaminized wool was likewise dissolved in 
0.01 N sodium hydroxide. The dilute alkali solutions of both 
the undeaminized and the deaminized wools were yellow. There 
may have been some hydrolysis of the protein in both cases. 
However, the undeaminized wool showed 0.87 per cent amino 
nitrogen and the deaminized wool 0.15 per cent. The cystine 
content of these proteins both before and after deamination was 
determined by the methods of Sullivan (15), Okuda (16), Shino- 
hara (17), Folin-Marenzi (11), and Vickery and White (13). 

Table I gives the yield of cystine from the untreated and the 
deaminized proteins calculated upon an ash- and moisture-free 
basis. Two types of hydrolysis were employed: 20 per cent HCl 
for 6 hours, and 8 n H,SO, for 24 hours. The temperature of 
the bath for both types of hydrolysis ranged between 125° and 130°. 

Upon both types of hydrolysis the Sullivan method revealed 
a marked lowering of the cystine content of the deaminized 
proteins. For a positive result the Sullivan method requires 
the presence of the —SH, —NH2, and —COOH groups in the 
cysteine molecule to be free (15). With the other methods 
which require only the presence of a potential —SH group, in 
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general a marked difference between the yield of cystine from the 
untreated protein and that from the same protein after deamination 
was not indicated. Both the HCl and the H,SO, hydrolysates 
gave results of the same order of magnitude. Attention may be 
called to the fact that the Folin-Marenzi method, in general, gives 
extraordinary values for the cystine content of the deaminized 
proteins. 

The loss of reactive cystine in the deaminized proteins indicated 
by the values obtained with the Sullivan method may be due to 


TaBLe I 
Percentage Cystine Content of Untreated and Deaminized Proteins 


Proteins 

Method Hydrolysis m Deam- 4 
Casein | inieed octal. | Dinet | Wool jnised 

casein bumin wool 
Sullivan 20% HCl 0.29 | 0.13 | 2.23 | 1.88 | 13.83) 11.04 
o 8 Nn H,SO, 0.26 0.11 | 2.29 1.86 13.49 10.79 
Okuda 20% HCl 0.33 0.22 | 2.50 2.62 13.78 13.06 
” 8 n H,SO, 0.30 0.24 2.87 2.79 | 14.06 13.33 
Shinohara 20% HCl 0.34 | 0.24 2.48 2.95 14.01) 14.41 
“ 8 n H.SO, 0.45 0.27 2.99 3.09 | 14.35 15.88 
Folin-Marenzi 20% HCl 0.45 | 1.37 | 2.62 | 5.68 | 15.88) 24.55 
> 8 n H,SO, 0.44 2.04 3.36 3.21 18.66 
Vickery-White 20% HClt | 0.27 | 0.25 | 2.34 2.38 | 13.72) 13.29 
“ 8nHSO.t 0.29 0.27 | 2.90 2.70 13.88 13.85 


* We have on hand samples of lactalbumin with a considerably higher 
cystine content. 

+t Tin was placed in the HCl. The rest of the procedure was that of 
Vickery and White. 
t The regular Vickery and White procedure was employed. 


the deamination of part of the cystine in the protein. The 
deaminized cystine might be expected to react as did the original 
cystine when treated according to the methods of Okuda, Shino- 
hara, and Folin-Marenzi, while in the Sullivan method only un- 
changed cystine would react. The effect of deamination of 
cystine upon results by the Vickery-White method remained to 
be determined. Accordingly, cystine itself was deaminized by 
the method of Neuberg and Ascher (18). The deaminized cystine 











96 Cystine in Deaminized Proteins 


contained no nitrogen and, as early shown by Westerman and 
Rose (19), was absolutely negative in the Sullivan reaction. 
Analysis of the barium salt of the deaminized cystine, CsHs0.8.Ba, 
showed 36.02 per cent barium, theory 36.38 per cent; 16.60 per 
cent sulfur, theory 16.95 per cent. An aliquot of the barium 
salt, after removal of the barium, was reduced by tin and H.SO,. 
When analyzed by the Vickery and White procedure of precipita- 
tion and estimation, 96 per cent recovery was found. It was 
evident, therefore, that, if deamination of the cystine had oc- 
curred, to any extent, in the protein molecule, neither the methods 
of Okuda, Shinohara, nor of Vickery and White would be ef- 
fective in showing this loss. 

To test this hypothesis 2.0 gm. of deaminized wool were hy- 
drolyzed with 20 cc. of 8 n H,SO, and tin. The hydrolysate was 
treated according to the procedure of Vickery and White and the 
volume of the solution obtained after decomposition of the 
copper mercaptide and subsequent concentration was 50 cc. 
No cysteine was present in the solution. Aliquots were used in 
all the subsequent determinations, and the values given are 
corrected for moisture and ash. The cystine content of the 
deaminized wool as determined by the Sullivan, Okuda, and 
Vickery-White methods was 8.94, 12.61, and 13.84 per cent re- 
spectively. The total sulfur of the wool, corrected for moisture 
and ash, was 3.79 per cent, corresponding to 14.21 per cent 
cystine if no other sulfur compound was present. It may be 
noted that when the Vickery-White procedure of hydrolysis and 
precipitation with Cu,O is used the cystine values are lower than 
than those given in Table I, especially in the case of the Sullivan 
method. With the exception of the Vickery-White method the 
values given in Table I were obtained without the use of tin 
and without precipitation with Cu,0. As will presently be shown, 
the precipitation with Cu,O involves more or less loss of cystine 
reactive in the Sullivan method. 

In fact it was stated in the original paper of Vickery and White 
that there was some decomposition of the cysteine during the 
removal of the copper from the mercaptide. Such was found 
to be the case when pure cystine was reduced and precipitated 
with CuO and estimated colorimetrically after decomposition 
of the mercaptide. Recoveries of 87.3 per cent by the Sullivan 
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method and 94 per cent by the Okuda method were obtained. 
From the values found for the total nitrogen in the solution 
of the decomposed mercaptide the recovery of cystine was 89.9 
per cent. If these corrections for the loss of cystine are applied 
to results by the Sullivan and Okuda methods on deaminized 
wool, the results are 13.41 per cent by the Okuda method and 
10.24 per cent by the Sullivan method, as compared with the 
value of 13.84 per cent calculated from the total sulfur according 
to the method of Vickery and White. On the other hand, the 
nitrogen found in the solution of the decomposed mercaptide 
from the deaminized wool indicated only 10.22 per cent cystine, 
even after correction for the loss of cystine by the same procedure. 
This low nitrogen value is, perhaps, indicative that the higher 
values obtained by the methods of Vickery and White and Okuda 
are due to the presence of a deaminized cystine. 

As shown by Westerman and Rose (19) deaminized cystine is 
soluble in ether and does not give the cystine or cysteine tests 
of Sullivan. Cystine, on the other hand, cannot be extracted 
by ether. Accordingly, an aliquot of the solution of the de- 
composed mercaptide was extracted several times with ether 
especially freed from alcohol and peroxides. The combined 
ether extracts were allowed to evaporate at room temperature 
and were then made to a definite volume with 0.1 Nn HCl. This 
solution gave a positive test for the disulfide linkage with sodium 
nitroprusside in the presence of NaCN. The Okuda method 
indicated the presence of 3.07 per cent of a disulfide calculated 
as cystine. The Sullivan method, however, gave a negative 
cystine reaction, proving that the substance which gave the 
positive nitroprusside test and the positive Okuda test was not 
cystine. 

The aqueous residue after ether extraction was tested for cystine 
by both the Okuda and the Sullivan methods and gave 10.28 
and 10.38 per cent respectively. These values are in close agree- 
ment with the original value of 10.24 per cent of cystine given by 
the Sullivan method on the solution of the decomposed mer- 
captide. The sum of the apparent cystine found by the Okuda 
method in the ether layer and the water layer is 13.35 per cent, 
a value close to that found by the same method in the hydrolysate 
of the deaminized wool. 
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It is evident from these experiments that there is formed during 
the deamination of wool a substance with many of the properties 
of deaminized cystine, which accounts for the higher cystine values 
given by the Okuda and the Vickery-White procedures than by 
the Sullivan method. 

A similar experiment was performed with deaminized casein 
with analogous results. The total nitrogen in the solution of the 
decomposed mercaptide was insufficient to account for the amount 
of cystine indicated by the methods of Okuda and Vickery and 
White. The ether extract of the solution of the decomposed 
mercaptide gave a positive test for the disulfide linkage. The 
experiments with deaminized casein similar to those with deam- 
inized wool showed that the nitrogen of the cystine had been 
altered by the action of nitrous acid. 

An interesting finding is that the large increase in the cystine 
value of the deaminized casein indicated by the Folin-Marenzi 
procedure upon the original hydrolysate disappeared when the 
method was applied to the solution of the decomposed mercap- 
tide and a value closely approximating those given by the Vickery- 
White and the Okuda methods was obtained. Evidently this 
is another case in which, in the original hydrolysate, the Folin- 
Marenzi reagent reacts with some reducing substances, unrelated 
to cystine, or even deaminized cystine. 


SUMMARY 


The cystine content of deaminized proteins as determined 
by the Sullivan method is markedly lower than that of the cor- 
responding untreated proteins. The other methods, except that 
of Folin and Marenzi, which gave very high values for the deam- 
inized proteins, indicated that the cystine content of the deam- 
inized proteins was much the same as that of the untreated 
proteins. 

Evidence is given that by the action of nitrous acid on proteins 
the cystine combined in the protein molecule is altered. This 
alteration involves the amino group and in so far as this happens 
the value by the Sullivan method is lowered. 
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ON THE SITE OF THE FORMATION OF CITRIC ACID 
IN THE ANIMAL ORGANISM* 


By JAMES M. ORTENT anp ARTHUR H. SMITH 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, December 27, 1938) 


Citric acid is a common constituent of many animal tissues and 
body fluids and is now considered to be a normal metabolite. 
Some of the factors governing the endogenous formation of this 
compound and the identity of certain substances which appear to 
serve as its precursors are now known (8,4). However, the locus 
of the formation of citric acid in the animal organism is still to 
be determined. 

Several years ago it was observed (9) that, after citric acid ex- 
cretion was increased in the rabbit by the administration of sodium 
bicarbonate, the citric acid content of blood taken from the renal 
vein was slightly greater than that of heart blood. This finding 
was interpreted as evidence that the kidney forms citric acid. 
However, the results of a later similar study (5) do not substan- 
tiate this finding. Blood from the renal vein was found to con- 
tain no more, or perhaps even slightly less, citric acid than heart 
blood. Furthermore, failure to form significant amounts of citric 
acid from certain substances by kidney tissue has been observed 
in a few in vitro studies'* (3). Recent work on the dog (12), on 
the other hand, might be interpreted as supporting the view 


*A preliminary report was made before the American Society of Bio- 
logical Chemists at Memphis, April, 1937. 

t Charles Pfizer and Company Fellow, Yale University, 1936-37. 

1 However, mention should also be made of a recent paper (2) (not avail- 
able in the original) which describes in vitro studies with testes, kidney, 
liver, and muscle. When malate was used in the reaction medium, kidney 
tissue formed the largest amount of citric acid. Testicular tissue also 
formed a significant though somewhat smaller quantity. 

* Orten, J. M., and Smith, A. H., unpublished observations. 
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that the kidney forms citric acid. In these studies, it was ob- 
served that after the intravenous administration of sodium malate 
a large amount of citrate was excreted in the urine, whereas only 
a small increase in the citric acid content of the blood occurred. 
Of course, the possibility that citric acid formed in other tissues 
was merely rapidly “cleared” from the blood stream by the kidney, 
rather than formed therein, is not precluded. 

No detailed study of citric acid formation in other tissues has 
been made. There is some in vitro evidence that the testes may 
form citrate from malate (3). The liver has received some con- 
sideration as a possible site of citric acid formation. However, 
the facts that this tissue has been found to contain less citric 
acid than other tissues (10) and that following hepatectomy there 
appears to be an increase rather than a decrease in citric acid 
excretion (1) lend little support to the possibility that the liver 
forms citric acid. Indeed, it has been suggested (1) that the liver 
is an important site of the destruction of citric acid. Jn vitro 
studies, in which liver slices or extracts are used, appear to support 
this suggestion (6, 7,11). Citric acid destruction may also occur 
in muscle, inasmuch as this tissue contains an active citric acid 
dehydrogenase (see (11)). 

The present investigation was designed to study further the 
problem of the site of citric acid formation. 


EXPERIMENTAL 


The procedure chosen for studying the site of citric acid pro- 
duction was that of comparing the citrate content of various organs 
and tissues after the stimulation of citric acid formation. Inas- 
much as the parenteral administration of sodium malate to dogs 
greatly increases the output of citric acid in the urine (8), this 
device was adopted as the means of augmenting citric acid pro- 
duction. Since it seemed impractical to use dogs for the pro- 
posed study, the rat was used in this investigation. 

It was necessary first to determine whether the rat, like the dog, 
excretes increased amounts of citric acid in the urine after the 
parenteral administration of sodium malate. For this purpose, 
normal adult male rats were placed in metabolism cages and were 
fed a constant amount of a citrate-low basal diet for a 5 day pre- 
liminary period. This diet had the following composition: 
casein 18 per cent, dextrin 51 per cent, hydrogenated cottonseed 
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oil 27 per cent, and salt mixture (Wesson (13)) 4 per cent. The 
rats were then lightly anesthetized with ether and a sterile solution 
of either sodium chloride (2.5 per cent) or sodium malate (5 per 
cent) was injected into the heart in amounts supplying 100 mg. 
of sodium per kilo of body weight. The urine was collected quan- 
titatively during 24 hour periods both before and after the in- 
jection of the chloride or malate, and the citric acid content of 
aliquots of the samples was then determined by a photometric 
method (10). 

The results obtained on groups of six rats each showed that the 
rat, like the dog, excretes increased amounts of citric acid in the 
urine after the parenteral administration of sodium malate. The 
average daily excretion of the chloride-injected controls was 
1.9 mg., whereas that of the malate-treated animals was 9.4 mg. 

It was also necessary to determine whether rapid excretion of 
extra citrate occurs in the rat, as it does in the dog (12), after 
malate injection. For this purpose, two groups of rats were 
injected with chloride or malate, as described; in these animals, 
however, the discharge of urine from the bladder was prevented 
by closure of the external urethral orifice with a ligature. 30 
minutes after the injection was made, the animal was again anes- 
thetized, a mid-line incision was made, and the urinary bladder 
was isolated. The ureters and urethra were closed by a ligature 
and the bladder with its contained urine was carefully removed. 
The urine was collected quantitatively and the citric acid content 
of aliquot samples was then determined. 

The data obtained on groups of six animals each showed that 
the rat, like the dog, promptly excretes increased amounts of 
citric acid in the urine after the injection of sodium malate. The 
average amount of citrate excreted in 30 minutes by the chloride- 
injected controls was 0.19 mg., whereas that of the malate- 
treated animals was 1.54 mg. Furthermore, it appears that if 
citric acid formation, after malate injection, is localized in any 
one organ or tissue of the rat sufficient amounts should be formed 
within 30 minutes to permit the detection of the newly formed 
compound in the tissue in which it is produced. It seems probable 
that after a longer period diffusion of the citric acid into the blood 
stream and perhaps into other tissues might obscure its possible 
origin at a particular site. 

The foregoing experiments demonstrated that the rat is suitable 
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for the proposed studies on the site of citric acid formation. 
Therefore, animals were injected with either chloride or malate 
as in the preliminary experiments, but at intervals of 15 or 30 
minutes they were exsanguinated by being bled from the abdom- 
inal aorta. The tissues to be studied were then quickly removed 
and frozen with solid carbon dioxide. They were finely pulverized 
in a cold steel mortar, weighed, transferred quantitatively to a 
volumetric flask, and extracted with dilute sulfuric acid for 1 to 
2 hours. The protein was precipitated by the addition of tri- 
chloroacetic acid and the citric acid content of aliquots of the 
protein-free filtrate was determined. The blood citric acid was 
estimated on trichloroacetic acid filtrates. 


DISCUSSION 


The results obtained on the animals of the various groups, each 
composed of five to eight rats, are summarized in Table I. It is 
evident from these data that there was little difference in the citric 
acid content of the blood, liver, and muscle of the control and the 
malate-injected rats, either 15 or 30 minutes after the injection. 
However, it is of interest that the livers of all animals contained 
less citrate than did the muscles or the blood. This finding may 
be interpreted as further evidence that citric acid is destroyed in 
the liver (1). The kidneys, on the other hand, consistently con- 
tained more citric acid than did any of the other tissues studied. 
Moreover, the kidneys of the groups given malate, in each in- 
stance contained more than twice as much citric acid as was 
found in those of the chloride-injected controls. Each of these 
findings may be interpreted as evidence that the kidney is an 
important site of citric acid formation in both normal and malate- 
treated rats. 

The possibility exists, however, that the “extra” citric acid 
present in the kidneys of the above animals may have been formed 
in other tissues and that this surplus merely represents a renal 
accumulation of citrate which is being cleared from the blood by 
the kidneys. If this were the case, then it follows that there should 
be a detectable increase in the citric acid content of the blood, or 
perhaps of other tissues, of rats given malate, but in which the 
excretion of citrate by the kidney has been prevented. 

Table II shows a summary of the data obtained on ten rats 
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bilaterally nephrectomized immediately preceding the injection. 
As in the other experiments, intervals of 15 or 30 minutes were 
allowed to elapse between the time of the injection and the ex- 
sanguination and removal of the tissues. 











Taste [ 
Citric Acid Content of Tissues of Control Rats and Rats Injected with 
Malate 
Citric acid content, mg. per cent 
Interval nae 2 
_ after Tissue Chloride injected Malate-injected 
injection ‘ st ° ‘ 
Average Range Average Range 
min 
15 Blood 4.0 3.3+4.8 4.0 3.4- 4.3 
Liver 1.6 1.0-2.2 1.4 1.2- 1.7 
Muscle 2.7 1.7-3.7 2.4 1.5- 2.9 
Kidney 6.1 3.0-7.0 12.6 8.0-16.1 
30 Blood 3.2 2.9-3.6 4.4 3.4- 5.6 
Liver 2.6 1.7-4.6 2.7 1.9- 3.6 
Muscle 3.1 2.6-3.4 3.4 2.5- 4.7 
Kidney 6.3 5.5-7.0 14.9 11.6-17.0 


be 


| 
| 
| 


TaB_LeE II 


Citric Acid Content of Tissues of Control Rats and Nephrectomized Rats 
Injected with Malate 








Citric acid content, mg. per cent 


Interval —_—— —_—_— - 
_ after Tissue Chloride-injected Malate-injected 
injection an : 
Average Range Average Range 
min | 
15 Blood 4.6 2.9-7.5 4.7 2.5-6.3 
Liver 2.5 1.7-3.1 2.3 1.4-2.7 
Muscle 4.2 2.9-5.2 3.3 2.2-4.2 
30 Blood 7.5 6.7-7.8 7.7 7.2-8.2 
Liver 3.1 2.3-3.8 3.3 2.7-4.0 
Muscle 5.2 4. 7 5.6 3.9-6.5 


| 


These data show that there is no significant difference between 
the citric acid content of the blood, liver, and muscle of nephrec- 
tomized rats receiving malate and that of those receiving chlo- 
ride, either 15 or 30 minutes after the injection. Itis evident that 
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the increased amount of citric acid present in the kidneys of the 
intact, malate-injected rats of the preceding experiment cannot be 
accounted for in any tissues of the nephrectomized animals exam- 
ined. A slight difference between the average values obtained in 
the animals whose tissues were removed 30 minutes after injection 
and those studied at the end of a 15 minute interval was found, the 
citric acid content of the former being slightly greater than that 
of the latter. An explanation of this finding cannot be given at 
the present; however, such factors as prolonged hyperpnea during 
the operation, a possible effect of ether anesthesia, or of tissue 
damage may be involved. These data suggest that there may 
be an extrarenal source of citric acid. This citric acid, however, 
is not derived from injected malate, inasmuch as a comparable 
amount was found in the tissues of the chloride-treated controls. 
It appears, therefore, that the citric acid formed after the injection 
of sodium malate into rats, under the conditions employed, either 
is produced chiefly in the kidney or is dependent upon the presence 
of the kidney for its formation. 


SUMMARY 


The rat, like the dog, rapidly excretes increased amounts of 
citric acid in the urine after the parenteral administration of 
sodium malate. 

Determinations of the citric acid content first of liver, blood, 
muscle, and kidney of intact rats and then of the liver, blood, and 
muscle of bilaterally nephrectomized animals lead to the conclu- 
sion that, under the experimental conditions employed, the citric 
acid formed following the injection of sodium malate into rats 
either is produced chiefly in the kidney or is dependent upon the 
presence of the kidney for its formation. 
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For almost two decades, the administration of oxygen-enriched 
air has been widely used to alleviate the anoxemia, brought about 
by interference with gas exchange in the lungs, that may accom- 
pany pneumonia. Oxygen administration in pneumonia is based 
mainly on the work of Haldane (1), Barcroft et al. (2), Stadie 
(3), Meakins (4), Davies and Gilchrist (5), Binger (6), Barach (7), 
and Boothby and Haines (8). From their work and that of others, 
certain facts have been found regarding the functional pathology 
of pneumonia. First, if anoxemia occurs, it may cause untoward 
symptoms, such as weakness and malaise, along with a character- 
istically rapid and shallow respiration (9) that may increase the 
already existing anoxemia (10). Second, the proper administra- 
tion of oxygen usually increases the oxygen content of the blood 
and relieves the cyanosis and untoward symptoms, thus conserving 
the patient’s strength. Thus, oxygen therapy appears to relieve 
the anoxemia accompanying pneumonia. Though it is difficult 
to obtain direct evidence to show that administration of oxygen 
shortens the course of the disease or hastens the occurrence of the 
crisis, yet both theory and experience point to the value of early 
and continuous application of this gas. 

The first paper on the addition of carbon dioxide to the inspired 
gas in pneumonia was published by Henderson, Haggard, Coryllos, 
Birnbaum, and Radloff (11) in 1930. In this paper, the authors 


* Aided by a grant from the Linde Air Products Company. 
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list certain factors peculiar to pneumonia that suggested the use of 
carbon dioxide. One factor is “occlusion of an infected organ and 
lack of drainage.’’ Another factor given is that, “In general, 
depressed or shallow breathing tends to permit the development of 
pneumonia, and deep breathing with full ventilation of the lungs 
tends strongly to inhibit it.” The experimental work was per- 
formed on dogs. Obstructive atelectasis was produced in some 
animals and pneumococcal atelectasis, by the insufflation of viru- 
lent cultures directly into the bronchi, in others. These dogs were 
placed in a closed chamber containing 93 per cent oxygen and 7 
per cent carbon dioxide for periods of from 30 minutes to 24 hours. 
The beneficial effects of the treatment were indicated by x-ray 
examinations. In many cases, the pneumonia cleared up rapidly. 

Though the above mentioned paper was the first to deal with the 
use of carbon dioxide in pneumonia, the réle of carbon dioxide 
has been previously considered in many pathological conditions. 
In 1908, Henderson (12) suggested that acapnia, or deficiency of 
carbon dioxide in the blood and tissues, is an important factor 
contributing to the depression of respiratory and circulatory 
activity which accompanies operation and anesthesia. Henderson 
and Haggard (13) in 1920 demonstrated that carbon dioxide may 
be used to stimulate the respiratory center. In 1922, they re- 
ported the use of oxygen and carbon dioxide in carbon monoxide 
poisoning (14). In 1929, Coryllos and Birnbaum (15), on the 
basis of bronchoscopic investigations on dogs, considered lobar 
pneumonia to be a “pneumococcal atelectasis,” caused by an 
obstruction of a bronchus by the production of an excessive and 
sticky secretion. At about the same time, Henderson and his 
collaborators (16-18) advocated the use of carbon dioxide in the 
prevention of pneumonia. This was followed by the paper con- 
cerned with carbon dioxide therapy in pneumonia (11) and has 
since been more fully discussed (19). 

The present studies were undertaken with the following ques- 
tions in mind. First, what are the changes in oxygenation and 
acid-base balance in pneumonia? Second, what are the effects 
of the breathing of air containing high carbon dioxide percentages 
on the oxygen saturation and the acid-base balance of the blood of 


pneumonic dogs? 


s From a consideration of facts derived from these experiments, 
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along with certain theoretical and experimental clinical studies in 
the literature, one might be able to obtain further information of 
the possible effect, in pneumonia, of the application of carbon 
dioxide, and carbon dioxide with oxygen. 


Outline of Experiments 


In order to have subjects in which the pneumonic effects were 
uncomplicated by other pathological conditions or by medication, 
and in which numerous arterial blood samples could be conven- 
iently taken, it was decided to carry out the studies upon exper- 
imental animals. An experimental pneumonia in dogs was 
produced which brought about an anoxemia comparable to that 
occurring in human patients. The pathological findings and 
symptoms were also similar. 

The investigation consisted of five series of experiments: (1) 
determination of the normal physiological variations in oxygen- 
ation and acid-base balance occurring in the blood of dogs. The 
results obtained in this group of experiments formed the basis with 
which the results of the experiments in the subsequent groups were 
compared; (2) determination of the effect of experimental pneu- 
monia on the oxygenation and acid-base balance of the blood; (3) 
determination of the effect of the breathing of air enriched with 
oxygen alone on normal dogs and on anoxemic dogs; (4) determin- 
ation of the effect of the breathing of air to which carbon dioxide 
had been added, on normal and pneumonic dogs; (5) determina- 
tion of the effect of the breathing of air enriched with both oxygen 
and carbon dioxide, on normal and pneumonic dogs. 


Methods and Apparatus 


Selection, Care, and Training of Dogs—The dogs used for these 
experiments were carefully picked for their health, weight, and 
gentleness. Only dogs weighing between 20 and 30 pounds were 
used. They were kept in good surroundings with access to an 
open-air enclosure and were fed a diet consisting of meat, bread, 
and vegetables. 

In order to eliminate physiological changes due only to ex- 
traneous factors such as excitement and blood sampling, the dogs 
were fully familiarized in practice periods with all experimental 
procedures which they were to undergo. At the beginning of each 
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experiment, the dogs were carried from their kennels to the site 
of the experiment so as to eliminate any effect of physical exertion. 

Production of Pneumonia—Since one of the objects was to pro- 
duce as severe an anoxemia as possible, compatible with life, it 
seemed that a pneumonia produced by chemical irritation with 
its accompanying marked edema would be satisfactory for our 
purposes. It was found that the intrabronchial injection (under 
ether anesthesia) of about 1 cc. of 1 per cent hydrochloric acid 
per kilo of body weight produced an experimental pneumonia in 
24 to 48 hours. The respirations were increased in depth and rate, 
averaging 61 per minute in comparison with the normal of 14 to 
20 per minute. Both gross and microscopic examination of the 
lungs revealed that the pneumonia produced was of the lobular 
type and was in every respect comparable to a spontaneous bron- 
chopneumonia in humans except that there was more hemorrhage, 
edema, and necrotizing bronchitis than is usually seen in spon- 
taneous cases. It may be mentioned that the amount of acid 
injected is insufficient to produce by itself significant acid-base 
balance changes in the body as a whole, particularly changes which 
would last for 24 hours. This can be shown by theoretical cal- 
culations or from a study of the results in Series 2 (Table IID). 

Cage—A special cage, as shown in Fig. 1, was constructed for 
the experiments. Upon the metal base (B) rested an air-tight, 
glass-walled cage (A), which could be raised or lowered by E to 
admit or remove the animal. It measured 3 X 3 X 2 feet. The 
metal tubes (as G) were for the introduction of the various gases 
and the sampling of the atmosphere within. A soda lime con- 
tainer (H), to which was attached a circulating blower, was used 
for the continuous removal of carbon dioxide when desired, with- 
out admixture of any air from the outside. A coil (J), through 
which cold water could be circulated for the purpose of cooling 
and removing water vapor, was built into the rear of the cage. 
In the anterior wall, there was a circular opening (/’) provided with 
an air-tight gasket and a sleeve of flexible rubberized cloth. 
Through this sleeve, the hind quarters of the dog could be drawn. 
The sleeve closely encircled the dog’s body, so that the atmosphere 
in the cage was not disturbed by the procedure. Blood samples 
could thus be obtained from the femoral artery, while the dog 
continued to breathe the atmosphere in the cage. A basin of 
drinking water was left in the cage and a false bottom (D) pro- 
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tected the dog from its excreta. Urine was collected in a water- 


sealed basin (/). 














Fic. 1. A represents an air-tight metal and glass cage, without bottom; 
B, specially constructed stand, upon which the cage rests, and which is 
the floor for A; C, rubber gasket providing an air-tight fit between A and 
B. The weight of the cage upon this gasket is sufficient to insure air- 
tightness; D, sloping sheet metal drainage floor, covered by a horizontal 
wire mesh; EZ, tackle for raising the cage; F, an opening, provided with a 
sleeve of rubberized material through which the animal's hind legs may be 
drawn, while a~ air-tight closure is maintained around its body; G, entrance 
tube for experimental gases; H, apparatus for recirculation of the atmos- 
phere in the cage through soda lime, when it is desired to remove carbon 
dioxide; /, air-conditioning apparatus; J, water trap for equalizing pres- 
sures and eliminating urine. 


Collection and Analysis of Blood Samples—The experiments were 
begun at least 12 hours after the animals had been last fed. Sam- 
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ples of blood were collected under oil from the femoral artery. 
One-half of each specimen was collected without anticoagulant; 
to the other half sufficient neutral potassium oxalate was added 
to prevent coagulation. Transfers were made under oil at all 
times. The contents of both tubes were gently stirred, in the first 
to assist defibrination and clotting, and in the second to avoid 
clotting. The sample of defibrinated blood was centrifuged and 
the serum analyzed for carbon dioxide content and pH. The 
sample of oxalated blood was analyzed for oxygen content and 
oxygen capacity. The oxygen content, oxygen capacity, and 
carbon dioxide content were determined by the methods of 
Van Slyke and Neill (20). The Hastings and Sendroy (21) 
method was used for the pH determinations. From the colori- 
metric pH values as read at 38°, 0.10 was subtracted in order to 
correct them to the electrometric values for dog blood at that 
temperature. All analyses were performed in duplicate. 

Calculations—From the pH and the carbon dioxide content of 
the serum, the carbon dioxide tension of the blood was calculated 
in the usual manner with the following formule derived from the 
Henderson-Hasselbalch equations. 





(CO,), ‘= (H,CO,), 
(1) pH, = 6.10 + log (H.CO.), 
(H,CO,), 
in POs = "0.0301 
(3) (HCO;), = (CO,), = (H,CO,), 


In order to determine whether there had been a net change in 
the bicarbonate concentration of specimens drawn after the first 
sample, the results were corrected by calculation to that which 
they would have been had there been no change in pH between the 
drawing of the first and subsequent samples. The figure so ob- 
tained, designated as (HCO,);, was calculated from the formula 
(HCO;); = (HCO). + .23(pH:—pH;) in which pH; = the serum 
pH of the first blood sample, pH: = the serum pH of a subsequent 
blood sample, (HCO;3)z = the bicarbonate concentration of the 
serum of the subsequent blood sample, 23 = a constant which is 
the average buffer value of the “true” serum of dog blood, de- 
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termined by experiment, (HCO;), = the serum bicarbonate con- 
centration corrected to the initial pH. This value is used as the 
basis for subsequent comparisons and discussion. 

The significant data on the degree of oxygenation and the acid- 
base balance are presented in condensed form in Tables I to IV. 
Complete data of representative experiments are given in Pro- 
tocols 1 and 2. 


. 
EXPERIMENTAL 


Series 1. Normal Physiological Variations in Oxygenation and 
Acid-Base Balance of Blood—The spontaneous changes in 
the blood factors studied in the absence of any experimental 
procedure were first determined. To this end, a group of seven- 
teen, healthy, normal dogs, breathing ordinary air, and not in the 
experimental cage, was bled on two successive mornings and the 
samples of blood were analyzed as described. From Table I, in 
which the results are listed, it will be seen that the oxygen satura- 
tion in the group varied from 90 per cent to 98 per cent. The 
variations from day to day in individual animals were small, 
never beyond 3 per cent. Variations in the acid-base balance, 
as indicated by carbon dioxide tension and bicarbonate content, 
also were slight. The largest change in pH from day to day in 
any one animal was 0.07, with an average of —0.01 (normal range 
7.30 to 7.44). The largest change in the carbon dioxide tension, 
pCOs, was 7.9 mm. of Hg, with an average of —0.5 (normal range 
27.4 to 39.8 mm. of Hg). The bicarbonate content, (HCO;),, of 
the blood plasma showed a maximum difference of 4.4 mm per 
liter, with an average of —0.61 (normal range 15.5 to 23.8 mm 
per liter). 

In addition to the above animals, another group of eight normal, 
healthy dogs was also kept in ordinary air, but in the experimental 
cage. At approximately hourly intervals for 6 hours, arterial 
blood samples and simultaneous samples of the gas in the cage 
were withdrawn and examined. By these experiments, the normal 
variations that could occur in the length of time usually taken in 
each of the subsequent experiments were determined. This 
second normal group brought to light any changes which might be 
due to the mechanical procedure to which the animals were sub- 
jected, or to the repeated bleedings. The air in the cage was con- 
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tinuously renewed and remained constant at 21 per cent oxygen 
and less than 0.1 per cent carbon dioxide. The results of the ex- 
periments in this series are shown in Table II. The average 


Taste I 


Day to Day Variation in Oxygen Saturation and Acid-Base Balance of 
Blood of Normal Dogs 






































° eats 2ica| pH, CO: tension Serum (HCO,);* 
eggs | = ee a ae 
; | Ast 2nd 2nd | Differ-| ist | 2nd | Differ-| ist 2nd Differ- 
be oe A Tell Nim ll Beco ll how ll lt Hcanall Hall Poel Braswell 

per | per mm. | mm. | mm, ™™M mM mM 
cent | cent Hg Ho | Hg perl. | perl.| perl. 

1 | 90 | 91 | 7.40) 7.41}+0.01) 39.8) 38.2; —1.6) 23.8) 23.8 0 
2 96 | 96 | 7.34) 7.37|+0.03) 34.6] 31.2) —3.4| 18.1 18.3'+0.2 
3 96 | 95 | 7.39| 7.40|+0.01) 35.2) 33.6) —1.6) 20.8 20.3 —0.5 
4 96 | 93 | 7.41) 7.41) 0 | 29.2) 28.2) —1.0| 18.3) 17.3 —1.0 
5 93 | 95 | 7.41/ 7.40/—0.01| 30.3) 30.3) 0 18.8) 18.1/—0.7 
6 95 | 96 | 7.38) 7.35/—0.03! 33.3] 32.0) —1.3| 19.0) 16.5 —2.5 
7 | 95 | 98 | 7.44) 7.40|—-0.04) 30.1) 27.4) —2.7| 19.9] 15.5—4.4 
8 | 96 | 97 | 7.42) 7.35|—0.07) 28.7, 36.6, +7.9) 18.1) 18.0 —0.1 
9 95 | 95 | 7.35, 7.35) 0 | 30.8) 32.2) +1.4) 16.5) 17.2,+0.7 
10 92 | 92 | 7.37| 7.36|—0.01) 35.6 37.5) +1.9) 19.9) 20.3'+0.4 
ll 92 | 91 | 7.39] 7.38]/—0.01/ 37.8) 37.5) —0.3) 22.3) 21.9|—0.4 
12 95 | 97 | 7.35] 7.35) 0 | 36.6) 33.0) —3.6) 19.5) 17.7\-1.8 
13 7.38) 7.35|—0.03) 33.9] 32.8) —1.1) 19.2) 18.8 —0.4 
14 92 | 92 | 7.41) 7.40|—0.01) 35.8) 37.8, +2.0) 22.1) 22.5,40.4 
15 91 | 92 | 7.33 7.37|+0.04 35.9} 30.9} —5.0| 18.3) 18.1/—0.2 
16 | 98 | 96 | 7.34| 7.35'+0.01| 38.2| 36.2) —2.0| 19.9 19.6\-0.3 
17 | 95 | 93 | 7.30) 7.30) 0 | 35.2 35.6} +0.4) 16.7 16.9+0.2 
18t | 92 | 92 | 7.34) 7.34) O | 33.9) 35.2) +1.2 17.7 18.4 40.7 
19t | 97 | 96 | 7.36) 7.33|—0.03) 37.9) 38.2) +0.3 20.7 18.7 —2.0 
cement} Beate Satis sata! amet Rataeet Minchin led Hat 
Average...| 94 | 94 | /—0.01) | —0.5 —0.61 


I 
* (HCO,); = serum (HCO;) of the 2nd day calculated to the (HCO;) 
value at the pH of the Ist day. See the section on calculations. This 
also applies to Tables II to IV and Protocols | and 2. 
+t The same dogs as were used in Experiments 10 and 14, but about 2 
weeks later, were used for Experiments 18 and 19 respectively. 





change in oxygen saturation of the blood was —0.4 per cent; in 
pH, 0; in carbon dioxide tension, +1.5 mm. of mercury; and in 
serum bicarbonate, +0.8 mm per liter. 

It was concluded, therefore, that the spontaneous changes in 








117 


Cohn, Tannenbaum, Thalhimer, Hastings 


8°0+ 


e0+ | 22) elt 

Ve+ | bl | al 

£O+ | 291 | IF 

¢O— | get | ost 

ZI- | Sst wLI 
£°9+ | £12 | O'S 

OI— | 281 | SFT 

£0+ 08% O'1% 
sed yaad |p aod | 
aw | Aw nwa 

Tersrar 

uwioli 

worms | Sy | un 
-1WAY 


QOH) Unieg 


cit 


0 
L811) 90+ | 288 | oe | 6 Fe 0 ce'Z 
| ool | WI+ | 922 | 6SZ | 96% OOF | ISL 
| bS8t | OL+F | Se | SH | 998 GOO— | GEL 
ost | f@t— | 208 | 6 G2 | 6'ge 0 cE L 
b6r 90+ | ole 69% 28% ZO0- OL 
68 | Pet | Fee 6°62 | 698 LOO+ 682 
20% | 10+ | 288 | 90 | 6'6E ZOO- | 9EL | 
| £°&% | 20+ | r'68 | 288 | Sit 0 Le°L 
| Fn oy “mu “2 “eare “meus OF] “mem 
peryrur [eryrur 
wnu woiu0eHj ete una | wnu WoljuOT, 3a¥ 
“~XUR | -BIAOp | -t0AY TUT XU C-MIAOP ddA 
eBulsay asuIVAYy 
WOISUS FOOD "Hd 


beh | SEL 
62°L | GEL 
ee. | Shel 
le°L | te 2 
be L | 8h'L 
we'L | the 
TEL | OL 
ce°L | OWL 
wna  wnu 
Aur | -xeyy 


t0- 
I+ 16 06 
0 r6 £6 
I+ £6 26 
0 £6 16 
g=- 46 o6 
= £6 16 
0 | e| @ 
0 £6 26 


ques sad yuoo sed yuan sod quao sad 


yernruy 

es osu nu 
UONBA! soay | -1ut 
-op atu Vv | 
-BAY 


WOT} BIN BBS FC) 


£6 
S6 
o6 


umul 
aed | 


sboq jowmson fo poorg fo 0uDIDEY ID_-plyy puv uoyvinwwg uabfizr_ ur uoynisvy, Ajanoy 


I] 21a&V 1, 


 esuleay 


80l 
201 
90I 
gol 
PbO! 
eol 
Z01 
101 


‘ON 
;UueUT Led xy 




















Pe oe 5 Sum ee 


re 





118 Influence of O, and CO, on Blood 


oxygenation and acid-base balance of the arterial blood of normal 
dogs were small and of the same magnitude, both at hourly and 
day to day intervals. 

Series 2. Effect of Pneumonia upon Oxygenation and Acid-Base 
Balance of Blood—The percentage oxygen saturation and acid- 
base balance of the blood of eighteen healthy dogs were first de- 
termined. Pneumonia was then produced by the introduction 
of HCl into the lungs, as described under ‘Methods.’ This 
caused severe anoxemia, such that the percentage oxygen satura- 
tion of the arterial blood fell within 24 hours from the original 
average level of 95 per cent to an average of 77 per cent; in an 
extreme instance the oxygen saturation fell to 58 per cent. The 
changes in the acid-base balance (Table III), however, were no 
greater than those occurring in normal dogs. The largest change 
in pH was 0.05 with an average of 0. The maximum change in 
carbon dioxide tension, pCO:, was 6.7 mm. of Hg, with an average 
of —1.6, while the largest variation in the bicarbonate content, 
(HCO;);, was 3.7 mm per liter, with an average of —0.6. It 
therefore appears that the pneumonia in these dogs was accom- 
panied by no significant immediate effect upon the acid-base 
balance of the blood. 

For subsequent comparisons with pneumonic dogs that were to 
be subjected to experimental gases over the same time periods, 
another group of pneumonic dogs that were breathing ordinary 
air, not in the experimental cage, was bled at hourly intervals 
for 6 hours. These dogs showed an average hourly difference in 
oxygen saturation of +1 per cent, in pH of +0.01, in carbon dioxide 
tension of +0.7 mm. of Hg, and in serum bicarbonate of +0.9 
mo per liter (Table IV, D). Although the hourly variations in 
oxygenation of the blood were slightly greater than in the normal 
animals, probably depending on the course of the pneumonia, 
the acid-base changes were again insignificant. 

Comparison of Tables I, I, III, and IV, D reveals the fact that 
the acid-base differences obtained in pneumonic dogs fell within 
the range obtained for normal dogs. These results are similar 
to those observed in pneumonia patients by Hastings et al. (22) 
and Binger et al. (23). 

Series 3. Effect of Oxygen on Normal and Pneumonic Dogs— 
Only negligible changes had occurred in both the oxygen saturation 
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and the acid-base balance of the blood of normal animals over 
hourly intervals or from day to day. In animals with pneu- 
monia, oxygen saturation had been reduced, but the acid-base 
changes had remained of the same order as in normal animals. 


Taste III 


Effect of Experimental Pneumonia on Oxygen Saturation and Acid-Base 
Balance of Blood 








es O: saturation pH, CO; tension Serum (HCOs): 
Ex | be a | | i z z 
ment No.| 3 | 3 | 8 -| 8 3| 8 ¢| 8 
‘eeiaigieidig! €@ /ale\e8iaiai & 
e- eB | 2 E = E = E = 
| $8 é 212: 8 2/8 3 2 = 6 2 =) 
& Z | Q Zz a Qa Zz 3 Qa Zz -¥ Q 
per per | per | mm. mm. mm. | mM mM) mM 
cent cent cent Hg Hg Hg perl. perl. perl. 


128 74 | 94 | 82 |—127.337.34 +0.01 39.435.8 —3.620.219.0 —1.2 
129 62 95 76 —197.347.39 +0.05 36.7 34.3 —2.419.221.2+2.0 


130 | 42 | 96 | 84 |—127.38'7.37 —0.0144.043.2 —0.825.324.0 —1.3 
131 | 63 | 99 | 77 |—227.357.36 +0.0138.639.4 +0.8:20.721.8 +1.1 
132 | 35 | 93 | 83 |—10)7.367.32—0.0438.8 45.5 +6.721.221.8+0.6 
133 | 63:96 | 73 |—23'7.36.7.37 +0.01/41.635.7/—5.922.8 24.2 +2.6 
134 97 | 85 —127.33/7.36 +0.03 31.4 28.7 —2.716.016.4+0.4 
1385 | 47 | 94 | 71 |—23/7.36'7.41 +0.0535.532.7 —2.819.5 21.3 41.8 
136 | 36 | 96 | 76 |—20/7.35)7.33 —0.0234.7:30.1|—4.618.5114.9 —3.6 
137 | 64 | 92 | 77 |—15'7.37|7.36 —0.01/35.6,30.2/—5.4:20.016.3|—3.7 
138 | 84 | 94 | 58 |—367.34)7.30 —0.0432.834.6/+1.817.215.6|—1.6 
139 | 63 | 98 | 67 |—31/7.34/7.32 —0.02)33.6'35.1/+1.517.617.1 —0.5 
140 | 84 | 93 | 73 |—20/7.32/7.31/—0.01 36.3'32.1/—4.218.115.4 —2.7 
141 | 74 | 97 | 80 —17/7.37/7.35|—0.02'32.231.6 —0.617.9 16.4/—1.5 
142 | 40 | 98 | 81 |—17'7.35)7.33 —0.02)37.3'34.5|—2.819.917.1 —2.8 
143 | 62 | 94 | 78 |-16'7.33'7.35 +0.02 36.5 33.9|-2.6 18.9 18.6 —0.3 
145 | 96 | 82 |—1417.37'7.37| 0.00)35.332.7\—2.619.818.3 —1.5 
146 | 9 | 90 76 —14/7.37 7.38 +0.01/30.4 31.8 +1.417.1 18.5 +1.4 
Average. 61 95 | 77 |-18 | [0 ~1.6) 0.6 





° The respiratory rates of the healthy dogs before the production of 
pneumonia were not taken in all cases, but varied from about 14 to 20 per 
minute. 


With this information concerning normal and pneumonic animals 
at hand, the effect of inhalation of air high in oxygen was next 


considered. 
Normal dogs were placed in the experimental chamber of con- 
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TABLE 1V— Oxygen Saturasidee 
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| Ex- es 
sa phere 
ong ee 
; O2 CO: 
per per 
| cent | cent 
| 109 | 96 | 0.1 
(110 | 96 | 0.1 
(111 | 96 | 0.1 
(112/97 | 0.1 
| 113 | 19.6) 9.3 
| 114 | 22.0) 9.5 
115 | 21.0) 9.2 
| 116 | 20.0) 9.9 
| 117 | 19.0) 9.7 
124 | 20.4/10.2 
125 | 22.5) 9.3 
126 | 21.8) 9.7 
127 | ra 9.8 
121 | 60.0/10.4 
122 | 58.0)10.1 
123 | 63.0) 9.1 
128 | 21 | 0.1 
| 137 | 21 | 0.1 
141 | 21 | 0.1 
(143 | 21 | 0.1 
| 
129 | 78 | 0. 
130 | 97 | 0. 
(131 | 97 | 0. 
132 | 97 0. 
138 | 21.510.0 
133 | 21.410.3 
134 | 21.010.4 
135 | 21.9| 8.8 
136 | 21.5)10.2 
145 | 71 (12.7 
146 75 10.1 
142 66 9.9. 
139 | 64 10.3 | 
140 | 62 «11.0 
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fore pneu- 
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ju 1 
2 


97 


94 
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O: saturation 









£6) selSt | BE ig: 
ae ea 
sb ede sf ah iy 
ee |S a ee 
per | per per 
cent cent cent cent 
| 96 | 98 | +2) p -0 
91 |100 | +9 | 92 p -0 
95 | 99 | +4) 94 p -0 
| 93 |100 | +7 | 9 Pp 0 
+6 -0 
93 | 97 | +4) 93 -0 
92 | 96 | +4) 92 | -0 
9 | 9 | +1) 93) -0 
| 94 | 96 | +2) 92) -0 
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tinuously circulating air. Whenever possible, the same animals 
which had been subjects for control experiments (Series 1) were 
used. After a lapse of about 2 hours, oxygen was continuously 
introduced into the cage until the oxygen content was above 90 
per cent. The oxygen concentration was kept at this level for 
about 2 hours. At the end of this time, the oxygen concentration 
was reduced by introducing a stream of air. Two blood samples 
were taken an hour apart during the preliminary period in or- 
dinary air. After the oxygen content of the cage had reached the 
desired level, two more blood samples were drawn, again an hour 
apart. Two final blood samples, at about a 1 hour interval, were 
drawn during the concluding control period in ordinary air. 
Throughout this series of experiments, the carbon dioxide was 
removed by recirculation of the cage gases through a soda lime 
tower. The composition of the cage atmosphere was checked at 
frequent intervals, but only the results on samples which were 
taken simultaneously with the drawing of blood are recorded in 
Table IV and Protocols 1 and 2. In all subsequent experiments, 
the same standard technique was followed, except that the com- 
position of the gases breathed was modified as indicated. 

The four normal dogs subjected to high oxygen atmospheres 
showed an average increase of 5 per cent in blood oxygen saturation 
from the normal of 95 per cent to almost complete saturation. 
The average change in pH was —0.03, in carbon dioxide tension 
+2.6 mm. of Hg, and in (HCO;), —0.5 ma per liter (Table IV, A). 
It is to be noted, therefore, that although oxygenation of the blood 
was increased in normal animals breathing high concentrations of 
oxygen, the acid-base changes remained within the normal phys- 
iological limits. 

With the same standard technique, studies were made of the 
effect of high oxygen tensions on pneumonic dogs. The oxygen 
saturation in all individuals was restored to about the normal level, 
as was to be expected from the work of many previous investiga- 
tions on animals and patients. There was an average increase in 
oxygen saturation of 17 per cent, which may be directly attributed 
to the increase in alveolar oxygen tension. Only slight variations 
occurred in acid-base balance. The average excursion in pH was 
—0.01, in carbon dioxide tension +2.2 mm. of Hg, and in serum 
bicarbonate +0.1 mm per liter (Table IV, E). 
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These experiments on pneumonic dogs indicate even more 
definitely than those on normal dogs that the oxygen saturation 
of the blood is dependent upon the oxygen tension of the alveolar 
air. The degree of anoxemia occurring in our cases of experi- 
mental pneumonia and the increased oxygenation following oxygen 
administration had no significant effect upon the state of the acid- 
base balance. 

Series 4. Effect of Carbon Dioxide on Normal and Pneumonic 
Dogs—In the preceding section, it was shown that, whereas the 
oxygen saturation of the blood was decreased in pneumonia and 
restored to normal by the administration of oxygen, the acid- 
base balance was affected by neither the pneumonic process nor 
subsequent oxygen administration. The next step was to study 
the effect of the addition of carbon dioxide to the inspired air upon 
oxygen saturation and acid-base balance. 

In the same standard type of experiments previously described, 
10 per cent of the nitrogen in ordinary air was replaced by carbon 
dioxide. This concentration, which is higher than that used 
clinically, was chosen in order to exaggerate the smaller changes 
which accompany the use of lower concentrations. Normal dogs 
breathing this atmosphere (21 per cent oxygen, 10 per cent carbon 
dioxide, 69 per cent nitrogen) showed an average increase of 2 per 
cent in oxygen saturation (Table IV, B). That the slight increase 
observed was probably real was shown by the fact that the oxygen 
saturation returned to normal when carbon dioxide was again 
removed from the air of the chamber. It should be noted that 
the increase observed in oxygenation of the blood when the animal 
was breathing atmospheres high in carbon dioxide is perhaps the 
more remarkable because the lowered pH produced in the blood 
would tend to favor the dissociation of oxyhemoglobin rather than 
its formation. 

Naturally, the acid-base balance was markedly affected by the 
absorption of excess carbon dioxide into the blood. This was 
indicated by an average increase of 34.8 mm. of Hg in carbon 
dioxide tension, from an average level of 37.5 to 72.3. The pH 
fell 0.2 unit, but the average effect upon the bicarbonate was in- 
appreciable (Table IV, B). The detailed changes in these ex- 
periments will be discussed in a later section. 

The same type of experiments repeated with pneumonic dogs 
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resulted in an average increase of 1 per cent in oxygenation (Table 
IV, F). The carbon dioxide tension changed from an average of 
32.7 to 93.2, or an average increase of 60.7 mm. of Hg. There 
was a decrease of 0.37 unit in pH and a decrease of 5.1 mM per 
liter in the bicarbonate content. 

Series 5. Effect of Mixtures of Oxygen and Carbon Dioxide on 
Normal and Pneumonic Dogs—This final series of experiments 
was carried out with animals breathing an atmosphere with a 
high content of oxygen and added carbon dioxide. 

The effect of the breathing of atmospheres composed of 60 per 
cent oxygen, 10 per cent carbon dioxide, and 30 per cent nitrogen 
on normal dogs was to raise the oxygenation of the blood from 95 
per cent to 100 per cent. The pH decreased 0.22 unit; the carbon 
dioxide tension increased from 36.4 to 74.6, or 38.2 mm. of Hg; 
the bicarbonate decreased 0.8 ma per liter (Table IV, C). 

It is interesting that the effects of oxygen and carbon dioxide 
combined were, in general, the additive effects of each of these 
gases separately. High carbon dioxide-oxygen atmospheres 
increased the oxygenation of both normal and pneumonic animals. 
It is, therefore, obvious that the addition of carbon dioxide to the 
inspired air does not modify the effect of oxygen alone upon the 
oxygenation of the blood. 

The breathing of atmospheres rich in carbon dioxide and with 
high percentages of oxygen caused approximately the same drop 
in pH (about 0.2) in the serum of the normal dogs as did the breath- 
ing of air rich in carbon dioxide alone. When pneumonic dogs 
breathed air enriched with oxygen and carbon dioxide, there was 
a smaller decrease in pH (amounting to 0.30 in comparison with 
0.37) than when pneumonic dogs breathed atmospheres enriched 
only with carbon dioxide. The increase in the carbon dioxide 
tension of the normal dogs breathing 60 per cent oxygen and 9 to 
10 per cent carbon dioxide was approximately the same as that 
observed when they were breathing 21 per cent oxygen and 9 to 
10 per cent carbon dioxide. This amounted to an average of 
38.2 mm. of mercury in comparison with 34.8 for atmospheres 
high in carbon dioxide alone. The pneumonic animals, breathing 
oxygen plus carbon dioxide, showed an average increase of the 
carbon dioxide tension which was not significantly different from 
that observed when they were in an atmosphere of air plus carbon 
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dioxide, 55.5 mm. compared with 60.7 mm. These figures con- 
firm the previous findings that the carbon dioxide tension of the 
blood of the pneumonic dogs increased more for a given increase 
in carbon dioxide tension of the inspired air than did that of 
normal! animals. 

When the pneumonic dogs breathed atmospheres high in carbon 
dioxide, the decrease in bicarbonate concentration was 5.1 mM 
per liter. The same type of dogs breathing air high in both oxygen 
and carbon dioxide showed a decrease of only 1.3 mm per liter. 


Acid-Base Paths of Displacement and Recovery 


The acid-base balance of the blood was not appreciably dis- 
placed from normal in the pneumonic dogs whether they were 
breathing air or oxygen. When CO, was added to the inspired 
air or oxygen, a pronounced acid-base displacement occurred. 
Illustrative experiments showing the direction and extent of the 
displacement have been plotted in Fig. 2. 

In the lower right-hand corner of Fig. 2, there is included a small 
acid-base diagram drawn according to that described by Shock 
and Hastings (24). It is drawn to the same scale as that of the 
rest of Fig. 2. The hexagon represents the normal acid-base 
area which includes the data of our normal dogs. The arrows 
indicate the directions in which the acid-base balance is usually 
displaced in respiratory acidosis and alkalosis, and in metabolic 
acidosis and alkalosis. 

Interest in the acid-base paths centers around the direction and 
extent of displacement from normal. The data chosen for illus- 
tration include the acid-base paths before, during, and following 
the administration of CO, in air to a normal dog and a pneumonic 
dog (Fig. 2, A); and of CO, in oxygen-enriched air to a normal dog 
and a pneumonic dog (Fig. 2, B). 

It is at once apparent that the direction of displacement is es- 
sentially that of respiratory acidosis in all four cases. There are, 
however, characteristics of the four curves (Fig. 2) which require 
special mention. (1) The direction of initial displacement of 
normal dogs, breathing air plus CO:, and oxygen plus COs, closely 
approaches the line representing the titration of blood with CO,. 
(Compare with the line labeled ‘Respiratory acidosis.’’) Sub- 
sequent determinations, made at hourly intervals while the animals 
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high CO, atmosphere, showed further acid-base dis- 


placement in a direction which indicated that a change character- 
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Fia. 2. The paths of acid-base displacement and recovery following the 
administration of CO, in air and CO, in oxygen to normal and pneumonic 
dogs. The arrows on the chart in the lower right-hand corner indicate the 
direction characteristic of different types of acid-base disturbance. The 
hexagon represents the normal acid-base area for dogs. 


istic of metabolic alkalosis was superimposed upon the respiratory 
acidosis. Such a change could be accounted for either by a de- 
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crease in the concentration of fixed acid or an increase in the con- 
centration of fixed base. Physiologically, it represents compensa- 
tion by metabolic processes for the respiratory acidosis following 
CO, administration, just as compensation for metabolic acidosis 
is brought about by respiratory activity. Following the restora- 
tion of the atmosphere to air without COs, the acid-base balance 
returned to normal values. (2) The direction of initial displace- 
ment of pneumonic dogs did not follow the line of the titration 
of blood with CO, as closely as did that of the normal dogs. Its 
direction corresponded to that which it would have been if a 
component characteristic of metabolic acidosis were superimposed 
upon the respiratory acidosis. A subsequent change occurred 


TaBiLe V 


Comparison of CO, Tension of Inspired Air and Arterial Blood of 
Normal and Pneumonic Dogs in High CO, Atmosphere 


Two examples are given for each experimental condition. 





| | 











< CO; tension 
| Inair+CO: | In Or + COs 
| mm. Hg mm. Hg | mm.Hg | mm. He 
Normal Blood | 64.0 | 67.6 | 64.0 | 710 
Inspired air | 57.5 | 61.1 | 59.6 64.4 
Difference | 6.5 6.5 | 4.4 6.6 
Pneumonic Blood 86.0 88.3 | 92.0 93.0 
Inspired air | 59.0 62.4 | 63.2 | 73.2 
27.0 | 2.9 | 2.8 | 


Difference 


19.8 


' 





after the animals had been in the high CO, atmosphere, which was 
similar to that which was observed in the experiments on normal 
dogs; namely, a change in the acid-base balance characteristic of 
metabolic alkalosis. This change can also be regarded as a phys- 
iological compensation for the severe respiratory acidosis. (3) 
The extent of the acid-base displacement following CO, adminis- 
tration was considerably greater in the pneumonic dogs than in 
the normal dogs. This is due to the inability of the pneumonic 
dogs to provide adequate exchange of carbon dioxide in the lungs. 
When the tension of CO, in the atmosphere was between 60 and 
70 mm. of Hg, the CO, tension of the arterial blood of the normal 
dogs was only about 5 mm. above that of the inspired air (Table V). 
In the pneumonic dogs, however, the CO, tension of the blood was 
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approximately 25 mm. above that of the inspired air. This great 
difference persisted even though the inspired air was enriched with 
oxygen. It is thus evident that the ability of pneumonic dogs to 
eliminate CO, from the blood, in the presence of a high CO, 
tension of the inspired air, is much less than that of‘normal animals, 


DISCUSSION 


Since about 8 years have elapsed since Henderson et al. (11) have 
suggested the application of carbon dioxide in the treatment of 
pneumonia, interest naturally centers on the clinical results ob- 
tained by those who have tried this method. 

Hanson and Calhoun (25) tried the effect of atmospheres con- 
taining 5 per cent carbon dioxide and 95 per cent oxygen on pa- 
tients who had been ill with lobar pneumonia for no longer than 
3 days. These patients were allowed to breathe this mixture 
for periods of 10 minutes twice a day. x-Ray changes and the 
clinical course of the disease were carefully studied. The authors 
state, “Our investigations indicate that with the dosage and ap- 
paratus used, early pneumonia could not be aborted. So far 
as we could determine, inhalation of carbon dioxide and oxygen 
in this concentration is accompanied by no harmful effects.” 

Alison (26) claimed that the disease could be arrested if treat- 
ment were begun in the first 36 hours. In his opinion, the pa- 
tients ‘‘were more comfortable and appeared to progress better” 
with carbon dioxide added than with oxygen alone. 

Hilton (27) tried the effect of 3 per cent carbon dioxide without 
added oxygen on cases of lobar pneumonia. The gas was ad- 
ministered with a loose face-mask, and the examinations of the 
breathing and the blood were repeated 15 minutes later. He 
found that arterial anoxemia is unrelieved after carbon dioxide 
administration in those quantities, in spite of the fact that the 
tidal air is considerably increased. He concludes that “in the 
absence of respiratory failure, as evinced by shallow breathing, 
the clinical benefits of CO, administration in air are not sufficiently 
demonstrated by these observations to warrant its routine use in 
lobar pneumonia.” 

Gunther and Blond (28) presented a clinical study of the use of 
carbon dioxide in early cases of both broncho- and lobar pneu- 
monia which was carried over a period of 5 years. Their results 
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appear favorable, the authors reporting a mortality of 4 per cent 
in the group receiving early inhalation treatment with 5 per cent 
carbon dioxide in oxygen, in comparison with 17 per cent in the 
group that received no carbon dioxide treatment. 

It would seem, therefore, that from physiological considerations, 
animal experimentation, and clinical studies the value of carbon 
dioxide in pneumonia is still open to question. Because of the 
high concentrations of carbon dioxide employed in our experi- 
ments, and the fact that experimental bronchopneumonia in dogs 
is quite different from pneumonia in humans, our results cannot 
be directly applied to the clinical use of carbon dioxide. They 
do suggest, however, that carbon dioxide in concentrations suffi- 
ciently great to stimulate respiration may well be used with 
caution. 

Carbon dioxide is a respiratory stimulant and as such serves a 
definite purpose in the treatment of asphyxia, carbon monoxide 
poisoning, and other conditions in which the respiration is de- 
pressed. It may even have its place in the treatment of post- 
operative collapse. In the absence of evidence that the CO, 
tension of the arterial blood is increased in pneumonia, it may be 
questioned whether there is significant depression of the respira- 
tory center. Since oxygen alone achieves the desired reoxygena- 
tion of the blood when this is possible, the addition of carbon di- 
oxide may be of doubtful benefit. In addition, the excessively 
rapid respirations induced by carbon dioxide are an added burden 
to an already overburdened respiratory and cardiovascular 
system. 


SUMMARY 


1. Experimental bronchopneumonia was produced in dogs by 
the intrabronchial injection of 1 per cent hydrochloric acid. 

2. Although the pneumonia was accompanied by pronounced 
anoxemia, no significant change in the acid-base balance of the 
arterial blood was observed. 

3. Oxygen-enriched atmosphere increased the oxygen saturation 
of the arterial blood of normal dogs slightly, and pneumonic dogs 
greatly, without alteration in the acid-base balance. 

4. Addition of carbon dioxide to the inspired air caused a slight 
increase in the arterial saturation of both normal and pneumonic 


dogs. 
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5. Addition of carbon dioxide to the inspired air was accom- 
panied by a change in the acid-base balance of the blood indicative 
of respiratory acidosis. The respiratory acidosis was more severe 
in the pneumonie dogs than in the normal dogs. Some metabolic 
acidosis was observed in the pneumonic dogs breathing this 
atmosphere. 

6. Oxygen-enriched atmosphere, containing carbon dioxide, 
was accompanied by (a) increased oxygenation of the blood of 
normal and pneumonic dogs, (b) respiratory acidosis which was 
greater in the pneumonic than in the normal dogs. 

7. Both normal and pneumonic animals, kept in the high CO, 
atmosphere, showed a change in their acid-base balance indicative 


of physiological compensation. 

8. Evidence is presented illustrating the decreased ability of 
pneumonic dogs to eliminate COs. 

9. The implication of these observations for the use of carbon 
dioxide with oxygen in the treatment of pneumonia is discussed. 
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THE DISTRIBUTION OF BODY WATER IN SKELETAL 
MUSCLE IN DOGS WITH IMPAIRED RENAL 
FUNCTION 


By LILLIAN EICHELBERGER 


(From the Lasker Foundation for Medical Research and the Department of 
Medicine of the University of Chicago, Chicago) 


(Received for publication, January 3, 1939) 


In a previous paper (1), a study of the extra- and intracellular 
phase volumes of skeletal muscle in normal dogs, before and after 
an experimental increase in the total body water, was presented. 
Data for the normal organism having been established, it was 
desirable to investigate changes in water and electrolyte dis- 
tribution in skeletal muscle in the organism with derangement of 
renal function. The present study is concerned with dogs with 
experimental hydronephrosis. Data will be presented on the phase 
volumes of skeletal muscle of dogs in chronic and progressive hy- 
dronephrosis, both previous to and following an increase in total 
body water as produced by the intravenous injection of slightly 
alkaline isotonic salt solutions. These data will be compared 
with those on normal animals and animals in acute uremia, 
which may be regarded as controls. 


EXPERIMENTAL 


Physiological Procedures—The dogs used in these experiments 
were maintained in metabolism cages throughout the long period 
of experimentation. Daily charts of body weight, food and water 
intake, and urine volume, specific gravity, and protein concen- 
tration were made. 

Detailed methods for the production and diagnosis of experi- 
mental hydronephrosis have been given in a previous paper (2). 
Briefly, the procedure is as follows: The kidney was brought 
outside of the split muscle layers through an incision about 3 cm. 
below and parallel to the left costal margin. The ureter was 
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partially constricted about 4 cm. from the ureteropelvic junc- 
tion and the kidney replaced. A nephrectomy was performed 
on the opposite side 10 to 14 days later, thus leaving the single 
hydronephrotic kidney with increased intraureteral and intra- 
pelvic pressure to carry on all renal excretion. 

The hydronephrotie animals were classified into two groups, 
as previously described (2). Group I, the chronic, included ani- 
mals in which no physical symptoms developed, although intra- 
venous pyelograms showed the disappearance of the calyces of 
the kidney without further progression over a period of months; a 
considerable amount of functioning renal tissue remained when 
the animal was sacrificed, and chemical studies of the blood serum 
showed no significant deviation from the normal. The animal 
was in a non-uremic stage of hydronephrosis at the time of the 
final injection experiment. 

Group II, the progressive group, included the animals which 
developed signs and symptoms of severe renal involvement. The 
greater part of the renal tissue was destroyed and therefore 
urographie shadows could not be obtained. These animals were 
in the uremic stage of hydronephrosis when the final injection 
experiments were carried out, and blood studies showed marked 
acidosis, retention of non-protein nitrogen, and increased calcium 
and inorganic phosphorus concentrations unaccompanied by 
any change in total protein concentration but accompanied by an 
increased albumin to globulin ratio, as previously reported (2). 

The acute uremia was produced as follows: The ureter of one 
kidney was ligated. The kidney on the opposite side was re- 
moved 10 to 14 days later, thus leaving the animal with one non- 
functioning hydronephrotic kidney. The animal developed acute 
uremia within 3 to 5 days. The injection experiment was carried 
out before the animal began to vomit or to develop diarrhea. 
The dogs always refused food after the Ist day following the 
nephrectomy, although they continued to drink water. 

For the injection experiments, all dogs were anesthetized with 
sodium barbital, as in the experiments on normal dogs (1). The 
blood pressure was continuously recorded from the carotid 
artery throughout the experiment. A cannula was introduced 
into the femoral artery, 30 cc. of blood were taken under oil, and 
one of the rectus abdominis muscles was removed for the control 


(initial) analyses. 
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The animals received an intravenous injection of 170 ec. per 
kilo of body weight of an alkaline isotonic salt solution consisting 
of 114 ma of NaCl + 40 mm of NaHCO;. This slightly akaline 
solution was used because animals in uremia have a marked 
acidosis and it was hoped that they might thus be brought into 
normal acid-base equilibrium. The injection of the solution 
(warmed to 38°), which was given by gravity, required 30 to 40 
minutes. 30 minutes were then allowed to elapse before the 
remaining rectus abdominis muscle was removed and a second 
sample of blood taken for the final analyses. The peritoneal 
fluid was then removed as completely as possible and its volume 
measured. The urine was collected continuously during the 
injection by an indwelling catheter. 

Chemical Methods—The following determinations were made 
on the serum: pH, total COs, water, chloride, sodium, potassium, 
total protein, non-protein nitrogen, and in some cases albumin to 
globulin ratios, calcium, and inorganic phosphorus; on the muscle, 
water, chloride, sodium, potassium, and total neutral fat; on the 
peritoneal fluid, non-protein nitrogen, total protein, chloride, and 
sodium; on the urine, chloride and sodium. 

All analyses of serum, peritoneal fluid, and urine were made 
in duplicate; all muscle analyses in quadruplicate. All muscle 
analyses were corrected for neutral fat. The technique for the 
removal and treatment of the blood and muscle was the same 
as that described in previous papers. The chemical methods 
were the same, except that total proteins were determined by the 
micro-Kjeldahl method of Campbell and Hanna (3). The distil- 
lation of the ammonia was carried out in the Goebel modification 
of the Pregl micro-Kjeldahl distillation apparatus (4). The 
proteins were estimated by multiplying by 6.25 the total nitrogen 
corrected for non-protein nitrogen. 

The albumin and globulin were determined by the method of 
Howe (5) with the Robinson, Price, and Hogden modifications (6). 
Total calcium determinations were made by the method of 
Kramer and Tisdall (7) as modified by Clark and Collip (8), 
and inorganic phosphorus was determined by the Fiske and 
Subbarow method (9). 

The details for the determination of sodium and potassium in 
the muscle were as follows: 7 to 8 gm. of fresh minced muscle 
were weighed into a 50 cc. silica beaker or a platinum dish and 
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4 ec. of 4 Nn H,SO, were added. The beaker was heated in a 
110° oven overnight and then overnight in a 500° muffle furnace. 
To the residue, 5 cc. of n HCl were added and the contents 
transferred quantitatively to a 50 cc. volumetric flask, with use of 
hot water. The contents were then cooled and made to volume. 
For potassium determinations, 1 cc. aliquots of this solution were 
placed in 10 cc. beakers and evaporated to dryness. The deter- 
mination of the potassium was carried out as described by Shohl 
and Bennett (10). Some modifications have been given in a 
previous paper (2). For sodium determinations on the remain- 
ing solution 0.5 gm. of solid calcium hydroxide was added and the 
contents allowed to stand with intermittent shaking for 30 
minutes. The mixture was then centrifuged and 20 cc. aliquots 
of the centrifugate were placed in 50 cc. beakers containing 2 cc. 
of n HCl. The contents were evaporated to approximately 2 ce. 
and the precipitation of sodium zinc uranium acetate was then 
carried out by the Butler-Tuthill method (11). 


Calculations of Extra- and Intracellular Phases 


From the analytical data and from the fact that all of the 
chloride of the skeletal muscle is confined to the reticular and 
collagenous connective tissue framework, dissolved in the tissue 
fluid which infiltrates and permeates the interstitial tissue (12), 
the relative proportions of extra- and intracellular phases of 
skeletal muscle in chronic and progressive hydronephrosis and in 
acute uremia—both preceding and following the injection of 
large volumes of fluid—were calculated by means of the equations 
presented in a preceding paper (1). Briefly, the amounts of 
extracellular phase (F) in gm. per kilo of muscle were calculated 
from the equation 


(Cl) w X (H,0), X 1000 
1.04 X (Cl), 





(F) = 


in which the subscripts M and s represent muscle and serum 
respectively. From the values for (F), the volume changes pro- 
duced in the extra- and intracellular phases of 1 kilo of original 
muscle were estimated. 














FSP SOeoTwP at oe? RE w 


e 
d 
le 
of 
of 


of 


— T 











L. Eichelberger 141 


Results 


In Tables I to III the results, both preceding (initial) and 
following (final) the increase in total body water, are presented 
in detail. Control data on dogs with normal kidneys have been 
reported in a previous paper (1), (Table IV); in these animals, 
the increase in total body water was produced by the intravenous 
injection of 170 cc. per kilo of body weight of a salt solution con- 
taining 25 mm of NaHCO; + 129 mm of NaCl per liter. The 
increase in total body water in animals with kidney damage was 
produced by the intravenous injection of 170 cc. per kilo of body 
weight of a slightly alkaline isotonic salt solution containing 40 
mm of NaHCO; + 114 mm of NaCl. In all groups of animals, 
injection experiments were carried out indentically in order that 
the physical factors influencing the flow of liquid from vascular 
system to muscle—such as colloidal osmotic pressure, blood pres- 
sure, and area of filtering surface—might be common to all of 
the experiments. Since all experiments were carried out in this 
parallel manner, comparison of muscle phase changes in animals 
with kidney damage could be made with those in animals with 
normal kidneys. 

In all the experiments on dogs with normal kidneys and dogs 
with kidney damage, there was little change in the initial mean 
blood pressure and the blood pressure during and following the 
injection. 

Animals with Normal Kidneys—Before injection, the normal 
extracellular ‘phase of 1 kilo of skeletal muscle amounted to 173 
gm., with a standard deviation (¢) of +22 gm., and the intracel- 
lular phase amounted to 827 gm.,¢ +22. Following the injection, 
the changes produced in the bulk of 1 kilo of muscle amounted 
to an average of 48 gm., ¢ +10, per kilo of original muscle, con- 
sisting of a 36 gm. increase in extracellular phase and a 12 gm. 
increase (a negligible amount) in intracellular phase. It was 
concluded, therefore, that the experimental edema produced in 
the normal organism maintained in normal acid-base balance, 
following an increase in total body water, was entirely accounted 
for by an increase in the extracellular phase of the skeletal muscle. 

Animals with Kidney Damage. Acute Uremia—Data for three 
typical experiments om animals in acute uremia are presented 
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in Table I. Preceding the acute edema, the blood serum picture 
in acute uremia showed marked acidosis and accumulation of 


TaBie I 
Animals in Acute Uremia with No Kidney Function; Changes in Serum and 
Muscle after Injection of Alkaline Isotonic Solutions 
Solution, 114 mm of NaCl + 40 mm of NaHCO;. All muscle values are 
corrected for total neutral fat. 





| Non-| | | 
| PH | COs | Fimn | tein Ho | ct | Ne | K | cal) 
| N | | | 





Dog 70; weight 23 kilos; “3400 ee. injected; ‘duration of anuria, 4 days; 
peritoneal fluid, 75 cc. 

















| gm. | gm. | mM 
| per I. per | om. | per kg | per ko. \per kg.| Pe" 
Serum. Initial... . .{7.28/13.97/2.23|57.9/0.9116/100.8 [138 | 8.67:2.64 
Final... . . . 7.26'22.67|1.98'31.6/0.9396|107.4 [144 | 5.25/1.87 
Muscle. Initial. ... | | 0.7770} 24.75) 31.87, 214 
Final...) | 0.7849) 27.60 38.76 232 
Peritoneal fluid, 5 per | 
liter...... | bi 18.4 112.7 | 




















Dog 71; weight, 20.5 kilos; 3400 cc. injected; duration of anuria, 3 days; 
peritoneal fluid, 115 ce. 





Serum. Initial... .{7.29116.60'1.97/64.1/0.9142| 95.101124 | 7.97 2.67 
Final...... 7. 4221. 50 1.8740.20. 9385 101. 8 133 | 5.37/1.98 
Muscle. Initial... .| | | 0. 7718, 21.03, 26.68 194 
Final. ....| 0.7916 25.03, 33.70 222 
Peritoneal fluid, per | 
Set tr tse ae | 100.3 140 | 





Dog 73; weight, 19 kilos; 3000 cc. injected; duration of anuria, 4 days; 
peritoneal fluid, 500 cc. 


Serum. Initial... 7.32|27.77)1.64,56.4|0.9177| 93.64|138 | 5.51/2.63 
| 4.57/2.08 








Final...... 7.42/31.32/1.35 33.8/9.9457|102.7 re 57/2.03, 
Muscle. Initial. ... | 0. 715 18 18. ‘0 | 173 
Final. 0.7734) 24.60) 39. 7 | jais 
Peritoneal fluid, per | lees ee | | 2s 
PTE! LT. | | — |t.48)18.3) 110.4 ma pe pripereity 








non-protein nitrogen constituents, inorganic phosphorus, and 
potassium. Before the injection, the ‘extracellular phase of 1 
kilo of muscle amounted to 190 gm., « +14, and the intracellular 
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phase to 810 gm., o +14. The injection of 170 cc. per kilo of 
body weight of a solution containing 40 mm of NaHCO; + 114 
mm of NaCl brought the body into normal acid-base equilibrium. 
There was an average increase in the total muscle, following 
injection, of 55 gm., ¢ +21, of which 37 gm., ¢ +15, represent an 
increase in extracellular phase and 18 gm., ¢ +14, an increase 
in intracellular phase. 

Chronic Non-Uremic Hydronephrosis—The analytical data, 
both preceding and following acute experimental edema, for 
three animals in chronic non-uremic hydronephrosis are presented 
in Table II. In all animals in this group, four in number, the 
concentrations of blood and skeletal muscle constituents did not 
differ from those observed in normal dogs. Before injection the 
extracellular phase amounted to 160 gm., ¢ +15, per kilo, and 
the intracellular phase to 840 gm., o +15. The increase in 
total body water led to a gain in the total skeletal muscle aver- 
aging 66 gm., ¢ +14, per kilo, of which 22 gm.,¢ +16, represented 
an increase in intracellular phase and 44 gm., ¢ +18, an increase 
in extracellular phase. 

Uremic Stage of Progressive Hydronephrosis—Three represent- 
ative experiments of the nine actually considered on animals 
in the uremic stage of progressive hydronephrosis are presented 
in Table III. A number of animals should be considered, be- 
cause in this advanced stage of disease there may be attendant 
complications which may interfere with critical evaluation of 
the data. 

The blood changes previously noted as characteristic of this 
stage of the disease were found; that is, severe acidosis, with re- 
tention of non-protein nitrogen and inorganic phosphates. Before 
injection, the extracellular phase amounted to 201 gm., ¢ +29, 
and the intracellular phase to 799 gm., 7 +29. After the in- 
jection, the increase in the total skeletal muscle averaged 81 gm. 
per kilo, ¢ +15, of which 69 gm., ¢ +17, represented an in- 
crease in the extracellular phase and 10 gm., ¢ +13, (a negligible 
amount) increase in intracellular phase. 


DISCUSSION 
The statistical method was applied to the data for the phase 


volumes, before and after the injections, of skeletal muscle from 
dogs with normal kidneys and from dogs in acute uremia and in 
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the hydronephrotic non-uremic and progressive uremic stages. 
The calculated results are given in Table IV. The values for P 


TaBLe IV 
Phase Volume Data from All Animals, Grouped for Purposes of Comparison 


(F) = gm. of extracellular phase per kilo of muscle 
(C) = ‘ “ intracellular ‘“ ‘a rT) ‘“ sé 
M = (F) + (C) 
{H,0}¢ = gm. of water per kilo of intracellular phase 
o = standard deviation 
P = percentage probability 
A = differences between means before and after injection 


Ay = ” ™ ** of normal animals and of animals 


with kidney damage, before injection 
Ay, = differences between Ay and A for normal dogs 





















































s| | # | © | me, 
mals Mean| ¢ | P |Mean| © | P |Mean| « | P |Mean| « | P 
Normal animals 
om. | oer | om gm. per | om. | Sem pe 
Before in- | | | | 
jection...| 34 1000) | 173|+22 827 +22 717 +5 
After injec- | | | 
tion...... 3 |1048 +10 | 204/411 S44 42 724 +5) 
| EOF oo es +48) +10) 0. 00 +36) + 12) 0.00) +12'+16) 42 | +4 +8 62 
Animals in acute uremia 
Before in- | | J | 
jection...| 5 |1000) 190|+14 810/414 716, +2 
ee +17} (61° |—17| 51} —-1| | 100 
After injec- | | | | — 
tion......| 5 |1055 +22 | 227/418 828) + 19) 721; +8 
AOR +55|422 0. 00 +37 +15) 0. 00 +18 +14) 34 | +5 +4, BB 
ae +7 7% (+1) 96 | +6 (76) +1) | O 
Animals in chronic non-uremic hydronephrosis 
Before in- | f aa | | 
jection...| 4 |1000 160) + 840 £15 718 +9) 
rs ee SE —13 62 ee 62 | +1 | 84 
After injec- 
tion...... 4 |1066 +14 204' +18 sea +16) 7 +9 
eNicvexses +0614) 0. 00|+44 +18) 0.00) +22 +16| 17 mt +5 
Relivcexd +18) 80 | +8) 72 |+10 +3 | 73 
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TaBLe 1V—Concluded 


Animals in uremic stage of progressive hydronephrosis 








Before in- | fos meee 
jection...| 9 |1000 | 201/429, =|: 799/429 708 +11 
ies) ally +28, 44 |-28) | 43/| -9 51 
After injec- 
tion......| 9 /1081 +15 270 +29 809 +39 710 +10 
A..........)  |481 +15 0.00. 469417 0.00410 413, 80 +2 44 62 
Dibicashada | +33} | 7 |+33} [12 | -2 | 92| -2 82 





are calculated by the method given by Dunn (13), and represent 
the probabilities, in per cent, that the differences found are due 
to random sampling. Inspection of Table IV shows that low P 
values, corresponding to statistically significant differences, are 
consistently found only when the total muscle volume (M) and 
the extracellular phase (F) are compared before and after injec- 
tion. All other comparisons are of doubtful or of no statistical 
significance. 

It is apparent, from a comparison of the normal dogs with the 
dogs in acute uremia as a result of having no kidney function for 
3 to 5 days, that there is no edema of the skeletal muscle in the 
uremic animals before the injection. Following the increase in 
total body water, the increases in the extra- and intracellular 
phases were not different from those found in dogs with normal 
kidney function. 

It is also apparent that the volumes of the muscle phases in 
the animals with chronic non-uremic hydronephrosis, both before 
and after the injections, were the same as those found in the 
normal animals. The small differences between animals in 
chronic non-uremic hydronephrosis and normal animals, both 
before and after the increase in total body water, must be at- 
tributed to random sampling. The blood serum and muscle 
analyses on these hydronephrotic animals were essentially normal. 
Although approximately 50 per cent of the kidney had been 
destroyed by increased intraureteral and intrapelvic pressure, 
the amount of functioning renal tissue remaining was sufficient 
to maintain normal composition of the internal environment. 

It may be concluded, therefore, that dogs with no kidney 
function, in acute uremia, and dogs in chronic non-uremic hydro- 


U 
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nephrosis do not store their water in skeletal muscle; and that if 
additional water is added, it is distributed as in the normal 
animal. 

The statistical data on the animals in the uremic stage of 
progressive hydronephrosis show that the phase volumes of the 
original muscle do not differ significantly from those for the 
muscle of normal dogs. The slight differences found are at- 
tributable to sampling. These results indicate that there is no 
quantitatively significant change in the initial volumes of extra- 
and intracellular phases of muscle in dogs whose kidney function 
has been severely impaired. 

Following the increase in total body water, the absolute increase 
in the bulk of 1 kilo of original muscle amounted to 81 gm., which 
was 33 gm. more than that obtained in the muscle of dogs with 
normal kidneys. It is probable that this 33 gm. increase is a 
real difference, for it could occur only seven times in a hundred 
by sampling, although this probability figure is on the border line 
of statistical significance. This increase in the bulk of the 
muscle was entirely accounted for by the increase in the extra- 
cellular phase. 

In all experiments, the constancy of the percentage of water 
in the intracellular phase is worthy of special emphasis. This 
constancy, whether the animals have no kidney function or 
severely decreased function, suggests that such pathological 
conditions do not alter the skeletal muscle cell. 

The bearing of these findings upon the problem of edema re- 
quires discussion. It should be noted first that none of the dogs 
with acute uremia or with non-uremic hydronephrosis exhibited 
demonstrable edema, and that of the dogs with progressive uremic 
hydronephrosis, only one (Dog 95 in Table III) had visible sub- 
cutaneous edema which was present at the time the experimental 
data were obtained. In this dog, no gross deviation in the 
distribution of fluid between the intra- and extracellular phases 
of skeletal muscle was found. 

It should also be pointed out that edema is not a common con- 
comitant either of acute uremia or of chronic suburemic states 
associated with severe impairment of renal function. The gross 
findings in the dogs are therefore in agreement with clinical 
experience. 
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It might, however, have been anticipated that in spite of the 
absence of gross edema there would be a shift in the distribution 
of fluid in the skeletal muscle in an attempt to store water in the 
extracellular phases. This turns out not to be the case. The 
negative findings are nevertheless of positive physiological sig- 
nificance, since they demonstrate the constancy with which the 
fluid of the muscle is distributed even in the presence of severely 
impaired renal function. 


SUMMARY 


1. Reduction in kidney function was produced in dogs by ex- 
perimental hydronephrosis. 

2. The volumes of the extra- and intracellular phases of the 
skeletal muscle of dogs in acute uremia, chronic non-uremic hydro- 
nephrosis, and progressive uremic hydronephrosis, both before 
and after an increase in total body water produced by the intra- 
venous injection of slightly alkaline isotonic salt solution, were 
compared statistically with those obtained on normal dogs. The 
data indicated the following conclusions. (a) Dogs with no kid- 
ney function, in acute uremia, did not store their water in skeletal 
muscle; when additional water was added to the body, it was 
distributed as in normal animals. (6b) Dogs in chronic non- 
uremic hydronephrosis, with about 50 per cent of their renal tissue 
destroyed, maintained the volume of the muscle phases within 
normal limits. After an increase in total body water, the ad- 
ditional water was distributed as in normal dogs. (c) Dogs in 
progressive uremic hydronephrosis, with the greater part of their 
renal tissue destroyed, maintained the volume of the muscle 
phases within normal limits before an increase in total body water. 
After an increase in total body water, there was some indication 
that the total bulk of the muscle increased more than in normal 
animals. This increase was entirely accounted for by the in- 
crease in extracellular phase, the intracellular phase remaining 
constant as in the other experimental animals. 

3. There is in these experiments no indication of an influence 
of diminished kidney function upon the distribution of fluid in 
skeletal muscle, and consequently no evidence for the occurrence 
of edema as a result of impaired rena] function. 
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PHOSPHOLIPID CHANGES DURING THE PRODUCTION 
OF FATTY LIVERS IN GEESE 
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(Received for publication, December 29, 1938) 


When fatty livers were produced in geese by overfeeding, the 
fat was found to be more saturated than normal, although there 
was no shift in the usual proportion of liquid and solid fatty 
acids (4). An investigation has now been made of the quantity 
and composition of the phospholipids in such livers as shown by 
the iodine numbers. Best, Channon, and Ridout (1) have shown 
that, in fatty livers produced in other animals by high fat feeding 
or by cholesterol feeding, the phosphatide content varies in- 
versely with the total lipid content. Although the percentage of 
phospholipid in the liver is not changed by a fat diet, considerable 
variation may be readily produced in the iodine numbers of the 
phospholipids by varying the type of fat in the diet, as shown by 
Sinclair (5). 

Procedure 


A group of geese was overfed with biscuits containing 15 per 
cent white flour, 76 per cent corn-meal, and 9 per cent corn syrup, 
seven times every 24 hours, as previously described, for from 8 
to 22 days, between December 11 and February 10. Control 
groups of birds were allowed to eat at will of a mixed diet of 
25 per cent corn, 50 per cent wheat, and 25 per cent oats during 
this period and also in October. 

The birds were decapitated, the liver was quickly removed, 
and samples were taken for the determination of content of glyco- 
gen. The remaining liver was ground and samples weighed for 
total lipid and water content. 


* Fellow in Comparative Pathology. 
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Total Lipids—2 to 4 gm. samples were extracted by refluxing 
for hourly intervals, once with alcohol and then twice with a 
3:1 alcohol-ether mixture. Hydroquinone was added as an anti- 
oxidant and the solvent evaporated, the final traces being removed 
in a current of nitrogen. The residue was dissolved in petroleum 
ether, filtered, dried, and weighed for total lipids. An aliquot 
was used for cholesterol determination by the method of Lieber- 
mann and Burchard as used by Bloor and his coworkers (3). 

Fractionation of Lipids—The neutral fat and phospholipids were 
separated by ice-cold acetone and a small quantity of magnesium 
chloride, as described by Bloor (2). The phosphorus content of 
an aliquot of the phospholipid fraction was determined after 
ashing with sulfuric acid and superoxol by the method of Fiske 
and Subbarow. Each fraction was saponified and the fatty 
acids were then freed with excess hydrochloric acid and extracted 
with petroleum ether. The ether extract was washed with water 
and the fatty acids were dried and weighed. The fatty acids in 
each fraction are reported as percentage of the total lipids. The 
iodine numbers of the fatty acids were determined by the method 
of Yasuda (6), correction being made for the cholesterol content 
of the neutral fat fraction. 


Results 


The total lipid content of the livers of the normal geese studied 
varied from 5.7 to 10.6 per cent, with a more or less independent 
variation in liver weight of from 0.99 to 3.74 per cent of the total 
weight of the goose. Associated with these variations were found 
changes in the relative proportions of neutral fat and phospho- 
lipids and in the iodine numbers of the fatty acids in these. The 
iodine numbers of the neutral fat were much lower than those of 
the phospholipids and, indeed, in most cases well below those of 
the depot fat (Table I). When the neutral fat increased to 60 
per cent or more of the total fatty acids, the iodine numbers were 
definitely decreased, particularly those of the phospholipids. 

When the fat content of the liver was increased by stuffing the 
goose with a high carbohydrate diet, the same kind of changes 
occurred, although they were much greater on a quantitative 
basis than those found in the normal goose eating at will (Table I). 
As the quantity of total lipid in the liver increased, the greatest 
change was found in the neutral fat fraction. Variations occurred 
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in the cholesterol content but these were independent of the 
content of total lipid as reported previously. The percentage 


TABLE I 


Partition of Liver Fat in Normal Geese and in Geese Subjected to 


Overfeeding; December to February and October 


All weights are expressed per 100 gm. of total weight of goose. Neutral 


fat is expressed in terms of the fatty acids. 


from the P content of the fraction, X 25. 


Goose | 
No. 


and sex | 


gm. 
1. F.t) 0.99 
2.“ t} 1.8 
| 1.05 
ty 1.21 
§. M. | 1.27 
= 1.67 
7. F. | 1.94 
8. “ 2.35 
9. “ + 2.46 
10. “‘ | 2.65 
11. “* t| 3.00 
12. *“* t| 3.74 
13. M. | 1.81 
14. F. 2.00 
15. *‘ 2.40 
Gee 2.60 
ie 2.60 
18. * 2.67 
19. * 2.69 
_ * 3.50 
21. 3.81 
22. F. | 4.67 
23. M. | 4.72 
24. F. | 4.72 


37.6 


Total lipids Neutral fat | 
Weight | | Weight | I No. | 
Normal geese 
per cent gm. |per cont gm. 
8.45 0.084 31.2 | 0.026 72 
7.46 0.077 26.3 | 0.020 66 | 
6.92 0.073, 27.2 | 0.020, 62 
8.43 0.102, 43.1 | 0.044) 61 
5.74 0.073 29.4 0.021, 60 
5.74 0.096) 53.1 0.051) 59 
5.70 0.110} 26.2 | 0.029 57 
8.55 0.201) 61.6 | 0.124 54 
8.82 0.217 41.3 0.090 61 
8.65 0.229 39.8 0.091) 60 
10.25 0.308, 65.4 0.201) 55 
10.60 0.396 60.4 0.239 55 
Overfeeding 
15.3 0.277 51.4 0.142 54 
11.3 0.226 59.5 | 0.134 53 
22.4 0.538 73.0 | 0.393 54 
13.4 0.348 73.8 | 0.257 51 
12.9 0.335 72.2 | 0.242 56 
6.2 0.166 50.1 0.083 54 
12.9 0.347 61.0 | 0.212 56 
18.8 0.658 71.7 0.472) 50 
26.1 0.994, 80.2 0.797) 52 
25.6 1.196 83.2 0.995 54 
18.9 0.892 73.2 0.653 52 
1.731 89.0 1.540 53 


* Iodine number refers to the fatty acids. 
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[Weight I No.* 


0.040 
0.042 
0.045 
0.041 
0.029 
0.026 
0.048 
0.030 
0.074 
0.084 
0.055 
0.078 


0.044 
| 0.057 
0.040 
| 0.060 
0.051 
0.040 
0.048 
0.100 
0.103 
0.096 
0.087 
0.090 


112 
110 
109 
106 
102 


102 
71 
97 

101 
72 
63 


72 
81 
72 


67 


72 
78 


70 


Phospholipids are calculated 


Mesen- 
teric 
fat, I 

No. 


sR REE 


62 


concentration of phospholipids was greatly decreased, although 
the total amount expressed as gm. per 100 gm. of total weight 
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of goose either remained unchanged or showed a small increase. 
The phospholipids were determined both by the phosphorus con- 
tent and by the fatty acid content of the acetone-insoluble fat, 
assuming a composition of 4 per cent phosphorus and 70.5 per 
cent fatty acids. The values obtained by these two methods 
agreed closely in the normal livers. In the extremely fatty livers 
the amount of phospholipid as calculated from the fatty acid 
content was somewhat higher than from the phosphorus content, 
owing either to a change in the composition of phospholipid or 
more likely to incomplete removal of the unusually large amount 
of neutral fat. The values based on the phosphorus content 
were considered more reliable and are used in Table I. Some error 
is introduced thereby in the quantity of neutral fat but it is small 
compared with the total amount. The iodine numbers of the 
fatty acids from the neutral fat and phospholipids of the liver as 
well as of the mesenteric fat of the stuffed geese are in most cases 
definitely below those found in the control geese. The greatest 
difference is found in the phospholipids. In the stuffed geese 
the iodine numbers of the fatty acids from the neutral fat were 
again lower than those of the mesenteric fat. 

; It is difficult to determine just what rdle, if any, the phospho- 
. lipids of the liver play in the production of a fatty liver as a result 
of a high carbohydrate diet. On the basis of the percentage 
content of phospholipid in the liver they would appear to have 
little to do with this process, just as on this same basis they ap- 
pear to have little to do with the production of a fatty liver as a 
result of a high fat diet or toxic agents. That they are affected, 
directly or indirectly, by the production of a fatty liver as a result 
of a high carbohydrate diet just as by the other methods men- 
tioned is apparent from the marked change which occurs in the 
iodine numbers of the fatty acids of the phospholipids. The 
changes found in the liver fat of the goose all occur normally in 
the goose eating at will but are greatly accentuated by the stuffing 
process. The constant disparity in the degree of saturation of 
the fat in the liver and in the depots in the goose which is making 
large quantities of fat from carbohydrate suggests that the liver 
is taking an active part in the process and is not merely being 
passively flooded with fat from the depots. 
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SUMMARY 


When a rapid synthesis of fat from carbohydrate is produced 
in the goose by forced feeding of a high carbohydrate diet, the 
great increase in total lipids of the liver is found to be due chiefly 
to an increased amount of neutral fat. 

The phospholipids of the liver are greatly decreased in terms of 
per cent of total lipid but in terms of total amount per 100 gm. 
of goose they are unchanged or slightly increased. Decreases in 
the iodine numbers of the fatty acids of the lipids studied occur 
in the following order: phospholipids, neutral fat of the liver, and 
mesenteric fat. 
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A LOW PHOSPHORUS DIET AND THE RESPONSE OF 
RATS TO VITAMIN D: 
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For the past decade or more the experimental production of 
rickets in rats has generally involved the use of cereal rachito- 
genic diets (Sherman and Pappenheimer (1), McCollum et al. 
(2), and Steenbock and Black (3)). Metabolic studies have re- 
vealed that the rickets thus produced is referable to a phosphorus 
deficiency in the growing animal, as indicated by a lowered inor- 
ganic P content of the blood and a lowered ash content of the 
bones. However, Bruce and Callow (4) and Lowe and Steenbock 
(5) have shown that the cereal, so called “low phosphorus” diets 
are so in effect only because of the low availability of their phytin 
phosphorus. Giri (6) reports that 50 to 70 per cent of the phos- 
phorus of cereals is phytin phosphorus. Maize, the main con- 
stituent of the Steenbock-Black diet, is reported as having 69.1 
per cent of its P present as phytin P. Giri (6) has also shown that 
the phytase activity of cereals is in inverse relation to the phytin 
content. Patwardhan (7) has demonstrated a low phytase ac- 
tivity in the intestine of the rat. Phytases evidently can introduce 
a factor of uncertainty in studies in phosphorus metabolism, for 
it is obviously essential that all sources of physiologically available 
phosphorus be known and controlled. Synthetic diets actually 
low in total phosphorus would offer obvious advantages over 
those composed of naturally occurring foods. 


* A preliminary report of this investigation was presented at the Thirty- 
second annual meeting of the American Society of Biological Chemists at 
Baltimore, April 2, 1938. 

Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 
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Basal Diet—In designing a low P diet otherwise nutritionally 
adequate the Ca content was fixed at a level commonly met with 
in synthetic diets; viz., 0.57 per cent. The vitamin D content 
was varied. Suitable proteins were available only from limited 
sources. Most proteins are either biologically incomplete and 
too high in P or too difficult of preparation in quantity. Jones 
(8) has recently suggested the use of alcohol-extracted blood fibrin 
in rachitogenic diets. Commercial egg white (Stein-Hall) was 
finally selected as the most suitable. Before use it was steamed 
for 3 hours to destroy toxic factors (Parsons (9)). The water- 
soluble vitamins were at first introduced in the form of water 
extracts of yeast in which the P content had been reduced by 
precipitation with iron salts. Supplements of alfalfa extracts were 
also used. Later these were replaced with vitab,' a concentrated 
extract of rice bran and whey. Salts were provided as Wesson 
salts (10) from which the P-containing salts had been eliminated 
by substitution with KCl, Ca lactate, and Fe citrate. 

The selection of the other components of the diet offered no 
particular problem, inasmuch as they were available in quantity 
and relatively pure. For most of the carbohydrate a commercial 
glucose of high purity (cerelose) was selected. It had a P content 
less than 0.01 per cent. For fat a commercial refined cottonseed 
oil (Wesson oil) was chosen. Vitamin A was supplied as the 
provitamin, 8-carotene, 120 micrograms per rat per week, dis- 
solved in Wesson oil. When vitamin D was added, it was sup- 
plied as a Wesson oil solution of calciferol. The Wesson oil 
itself was found to contain less than 0.001 per cent P. 

For convenience the vitab was incorporated in the diet by 
evaporating an appropriate amount of a water solution on cooked 
starch at room temperature before a fan. When so prepared, no 
loss of growth-promoting properties was observed after a storage 
period of 3 months. 

The basal diet (Diet R-14) had the following composition: 
cerelose (glucose) 49, egg white 18, cooked starch 20, vitab 4, 
P-free salts 4, cottonseed oil 5. It contained 0.04 per cent P. 
When supplemented with 1.80 parts of NaH,PO,-H,O (Diet 
NR-14), it contained 0.41 per cent P. It was then identical in 


1 Vitab, Type II, was kindly supplied by Vitab Products, Inc., Emery- 
ville, California. 
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P content with Diet R-14 when supplemented with 4 per cent of 
Wesson salts (Diet WR-14). That the organic constituents were 
satisfactory for normal nutrition was demonstrated with Diet 
WR-14 supplemented with 600 1. v. of vitamin D per rat per week. 
On it growth was entirely normal; male rats gained on an average 
4.0 gm. daily in 6 weeks. After 7 weeks, when two males and two 
females reared on the diet from a weanling weight of approxi- 
mately 50 gm. each were mated, pregnancy was induced and nor- 
mal young were born at term. The does nursed the young in 
litters of six. After weaning at 4 weeks, a second generation was 
also reared. The animals of this litter grew at approximately 
the same rate as the first. A male and a female of this second 
generation were bred and a third generation litter was born, 
suckled, and weaned. 


Effect of Low Phosphorus Diets without Vitamin D 


Growth—When young growing rats weighing 50 to 60 gm. were 
placed on the low P diet (R-14), they grew at a much slower rate 
than rats on the same diet supplemented with adequate amounts 
of P (Diet NR-14) (Fig. 1). Growth on the low P diet reached 
its maximum at about the 4th week, followed by a rapid decline 
in weight and death. Most of the animals died by the 6th week. 
Only one animal out of 50 survived for 8 weeks. 

Rachitogenesis—Diet R-14 was strongly rachitogenic. After 
12 days the distal ends of the radii and ulne revealed a rachitic 
metaphysis as wide as that produced in 21 days by a cereal ra- 
chitogenic diet (Ration 2965, Steenbock-Black). By the 4th week 
skeletal abnormalities were marked. Muscular tone was poor 
and a general jethargic condition prevailed. In advanced cases 
the hind limbs were paralyzed. Loss in weight occurred in spite 
of good food consumption. At autopsy, ventral spinal curvature, 
single or double, was easily recognized in the lumbar region. 
Sternal curvature also occurred. The costochondral junctions 
were enlarged. All bones were soft. 

Other Symptoms—In the 3rd or 4th week an encrustation of dried 
blood and exudate accumulated around the nares. Breathing was 
labored and rales were audible. These symptoms were not 
observed in rats kept under identical conditions except for ade- 
quate supplements of P. Eppright and Smith (11) have reported 
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the production of nasal encrustations on diets low in mineral 
elements. They found the symptoms to disappear after dietary 
additions of calcium phosphate. These authors concluded that 
the respiratory difficulties were not referable to pulmonary in- 
fections, as postmortem examination failed to reveal any pul- 
monary lesions. In our own experiments the locus of the exudates 
- ‘was likewise confined to the nasal pharyngeal region. 

£ Although an adequat ly of ished i 

, J gh an adequate supply of 8-carotene was furnished in 
the diet, the possibility that a diet deficient in phosphorus might 
influence unfavorably its absorption or transformation to vitamin 
A was investigated. Two rats exhibiting marked signs of P 
deprivation after 4 weeks were killed and the vitamin A content 
tL of the livers determined by a modification of the method of Davies 
: (12). A vitamin A content of 75 and 108 blue units respectively 
was found. A deficiency of this dietary essential was therefore 
excluded. 

Hematopoiesis—Orten, Smith, and Mendel (13) have reported 
that salt-deficient diets produced a polycythemic anemia which 
yielded to dietary supplements of CaCOs and, less effectively, to 
FeCl;. As their low salt ration contained casein as a source of 
P, there was a possibility that this P might have been responsible 
for the polycythemia. This was given some credence from the 
work of Swanson, Timson, and Frazier (14) who reported less 
drastic changes in the blood when edestin was fed in place of 
casein. 

Determinations of the hemoglobin content of tail blood in rats 
. on our low P ration, Diet R-14, made at weekly intervals by the 
| method of Newcomer (15) failed to reveal that lack of P had any 
effect on hematopoietic activity. Four rats on the low P diet 
had an average Hb value of 14.65 gm. per 100 cc. at the end of 
the 4th week. Two of these died during the 5th week. The 
initial Hb value of the four rats was 13.15 gm. 

Creatine Metabolism—It has already been remarked that the 
loss in weight after the 4th week on Diet R-14 was not due to an 
inanition. It has also been remarked that these rats on the low 
P ration were extremely weak. Since P is indispensable for the 
normal metabolism of muscle, it appeared desirable to determine 
the creatine excretion. Two rats were placed on Diet R-14 for 
2 weeks in a metabolism cage for collection of urine and feces. 
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After the 14th day, collections of urine under toluene were made 
in 3 day periods. Creatinine was determined according to Shaffer 
(16) and creatine according to the method of Folin (17). Col- 
lections were made until the death of the animals. 

Throughout the experiment creatinine excretion remained 
constant when referred to body weight, an average of 1.27 mg. 
of creatinine N being excreted per 100 gm. per day. This con- 
stant excretion was observed both during growth and the eventual 
loss in weight as the animal declined. However, creatine ex- 
cretion was observed to be fairly constant only during the growth 
of the rats and rose sharply when loss of weight began. The 
creatine excretion during the period of weight loss rose to 1.11 mg. 
per rat per day from a previous level of 0.08 mg. per rat per day. 
It is an open question whether this outpouring of creatine may be 
attributed directly to some aberration in the metabolism of 
creatine-phosphate or whether it is merely referable to a general 
tissue disintegration. 

Phosphorus Content of Tissues—P was determined in various 
tissues of rats on Diet R-14. It is well known that low P diets 
of the cereal type result in a lowered blood P and a diminished P 
content of bone, but, in general, soft tissues have been found to 
maintain a constant P content. Thus Hentschel and Zoeller 
(18) found no difference in the total P content of muscle of normal 
rats and rats on the rachitogenic diets of McCollum, Sherman and 
Pappenheimer, and Steenbock and Black. 

Three diets were fed; viz., a synthetic low P diet (R-14), Diet 
R-14 with its P content increased to adequate levels with NaH:- 
PO, (Diet NR-14), and a cereal “low P”’ diet (Ration 2965). 
50 to 60 gm. weanling rats from our stock colony were placed on 
these diets and at suitable intervals several rats were killed in 
each group after they were etherized and blood withdrawn with a 
syringe from the abdominal aorta. Inorganic P and total Ca 
were determined in the sera. The liver, heart, brain, the left 
femur, and the right gastrocnemius were dissected out, dried at 
102° for 48 hours and analyzed for total P by ashing under Mg- 
(NOs): in a muffle furnace by a modified Fiske-Subbarow method 
(19). 

From the resultant data (Table I) it is apparent that blood and 
bone were the only tissues which showed any decrease in phos- 
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phorus content. Even after 45 days, when the rats of Diet R-14 
were in extremis, liver, heart, and brain showed no significant 
alteration in P content. Although a low level of 3.01 mg. of P per 
100 cc. of serum was reached after 14 days, and occasionally a 
level as low as 1.35 per 100 cc. after 21 days, after 14 days the 
P sometimes increased as the rats began to lose weight. It is 
also interesting to note the occurrence of a hypercalcemia on 
Diet R-14 similar to that observed on the cereal rachitogenic 
diet, Ration 2965. This is notable, since the Ca content of Diet 


TABLE | 


Tissue Analyses of Rats on Diets of Varying Phosphorus Content; 
Averages for Three Rats 





| Days | Mg. total P per gm., dry weight Mg. per 100 cc. 
on ex- — -—— ——- ——_—_—— |—_—__— - 
Group and diet | peri- | | Blood serum 
— Liver | Bone | Heart Muscle) Brain — ~~ z 
: oF} Ca 








Group 0. Stock! 0 | 9.65 77.0 | 13.0 11.6! 16.6 10.6 | 11.9 
rats, 50-60 gm. 


Group 1. Low P| 14 | 11.0 50.0 11.8 10.8 16.3 3.01 | 13.4 
diet, R-14 | 85 | 11.1 | 40.5 11.6 | 10.5 | 15.7 | 5.78 | 15.9 

| 45 | 11.3 | 39.2 | 11.8 | 10.3 | 15.9 | 4.20 | 12.5 

Group2. DietR-14/ 14 | 11.5 | 82.9 11.7 | 10.4) 15.6 8.90 9.8 
+NaH,PO, | 35 | 11.8 | 87.6 | 10.9 10.1 | 15.9 | 8.72 | 10.2 

| 45 | 11.6 | 88.8 10.8 | 10.2 | 16.2 7.64) 9.4 

Group 3. Ration | 14 | 10.6 | 61.5| 11.6 10.6 | 15.3 3.53 12.1 
2965 35 | 11.6 41.1 | 11.6 | 10.1 | 16.5 | 6.07 | 12.6 

| 45 | 11.4 | 37.8 | 11.8| 9.7 16.8 | 4.57 | 11.3 











R-14 was at the ‘“‘normal”’ level of 0.57 per cent as compared with 
the surfeit of Ca, 1.2 per cent supplied by Ration 2965. 

A diet of adequate P content (Diet NR-14) was observed to 
maintain the high serum inorganic P, as observed in rats on a 
stock diet by Bethke, Steenbock, and Nelson (20). 


Effect of Low Phosphorus Diets with Vitamin D 


Therapeutic Effects—Thirty weanling rats, weighing 50 to 60 
gm., were divided into three groups of ten each. Group 1 was 
fed Ration 2965 for 3 weeks; Group 2, Diet R-14 for 3 weeks; 
Group 3, Diet R-14 for 2 weeks. At the end of these periods the 
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animals were fed 3.3 1. v. of vitamin D as crystalline calciferol 
dissolved in Wesson oil in 8 days according to the v. s. p. XI 
technique. On the 10th day the rats were killed and the distal 
ends of the radii and ulne sectioned and stained with silver ni- 
trate. It was found that rats made rachitic on Diet R-14 showed 
approximately the same response to vitamin D as those given the 
cereal rachitogenic diet, Ration 2965, as indicated by the line 
test. But the rats on Diet R-14 did not increase in body weight 
during the period of supplementation, and in fact lost on an 
average of 1.8 gm. Rats on Ration 2965 averaged a gain of 6.6 
gm. It is recognized that healing may occur spontaneously if 
the animal fasts. In this instance the animals did not fast, but 
as rats on Diet R-14 suffer a rapid loss in weight beginning in the 
4th week, no particular significance was attributed to the loss in 
weight when first observed. 

Prophylactic Effects—The early administration of vitamin D 
prevented the incidence of rickets on Diet R-14. Skeletal ab- 
normalities did not appear, enlarged costochondral junctions were 
not observed, and examination of sections of the wrists by stain- 
ing with silver nitrate failed to reveal any sign of rickets. The 
nasal discharge which was characteristic of rats on Diet R-14 
without vitamin D did not appear. But what was most striking 
were the growth effects. Without vitamin D, it will be recalled, 
growth on Diet R-14 was subnormal but none the less definite, 
a gain of 35 gm. during a3 week rachitogenic period being common. 
However, when 1200 1. vu. per week of vitamin D as calciferol 
were fed, a loss in weight occurred (Fig. 1), and in 3 weeks the 
rats had not regained their initial weight. Similar results were 
obtained with smaller amounts of vitamin D (Fig. 1), although 
the loss in weight was less. Ultimately growth was resumed, but 
the rate was approximately one-third of that shown by rats which 
were developing rickets on the same diet in the absence of vitamin 
D. The same inhibitory action of the vitamin was demonstrated 
when vitamin D was added to Diet R-14 after varying periods of 
rachitogenesis. 

To our knowledge there is no previous account of vitamin D 
causing a loss in weight or acting as an inhibitor of growth. Thus 
Shohl et al. (21) in studying the effects of a “low P” diet used 
Ration 2965 and supplemented it with 2 per cent cod liver oil. 








166 Vitamin D, Response in Rats 


The growth curves he reported gave no indication of any inhibi- 
tion. Similarly, in our own laboratory when Ration 2965 was 


I.u 600 £.U. 4 Ip. 
wk D wk. D wk. 





Fic. 1. Growth curves of rats on (Part 1) low phosphorus and adequate 
phosphorus diets, without vitamin D; and (Part II) on low phosphorus 
diet (R-14) with various amounts of vitamin D. The figures in circles 
represent the number of rats; X, died; K, killed. 


supplemented with 1200 1. v. of vitamin D as calciferol per rat 
per week, there was no indication of such an effect. The inhib- 
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itory influence of the vitamin could not be attributed to toxicity, 
since the same amount of vitamin D when fed as a supplement to 
Ration 2965 was without effect, and the same type of inhibition 
was obtained on Diet R-14 when amounts as little as 4 1. uv. per 
rat per week were fed (Fig. 1). By supplementation with vitamin 
D, rats were maintained, at the inhibited growth rate, for as long 
as 20 weeks. Pathological changes observable after such long 
periods of maintenance will be reported in a subsequent paper (22). 

Ca and P Retention, Growth and P Content of Tissues—-Twelve 
rats weighing from 50 to 60 gm. were fed the following diets: 
Group 1, Ration 2965; Group 2, Ration 2965 plus vitamin D; 
Group 3, Diet R-14; Group 4, Diet R-14 plus vitamin D. During 
the entire experiment food consumption was controlled daily by 
the paired feeding method. It was soon evident that the rats 
on the supplemented diets would be the pace-makers; especially 
marked was the diminished and slow consumption of Diet R-14. 
On the cereal rachitogenic diet the tendency to restrict consump- 
tion with the addition of supplements was less evident. After 3 
days on the diets without vitamin D the excreta were collected 
for 1 week; vitamin D additions were then made, with collection 
of excreta in a similar manner during the 2nd and 3rd weeks. 
Groups 2 and 4 received 50 1. vu. per day as calciferol in Wesson 
oil, by dropper. The combined urine and fecal collections were 
dried and ashed for Ca determinations by the oxalate-perman- 
ganate method; P determinations were made by a modified 
Fiske-Subbarow procedure. At the conclusion of the feeding 
trials the animals were killed and tissues analyzed as described 
before. The growth record and Ca and P balances are presented 
in Table II, tissue and blood serum analyses in Table III. 

From Table II it is apparent that on Diet R-14, as on Ration 
2965, administration of vitamin D resulted in an improved re- 
tention of Ca and P. Particular attention is called to Groups 3 
and 4. In the 3rd week the rats in Group 3 were continuing 
in negative balance of these elements, although they were increas- 
ing in weight. When vitamin D was added as in Group 4, the 
balance became positive; yet the rats gained only slightly in 
weight. If as in Group 3 an animal is in negative P balance and 
at the same time is growing, then the P used for growth must have 
come from tissues other than those responsible for the growth 
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However, when vitamin D was given, 


Ca and P Balances of Rats on Low P Diets; Averages of Three Rats, 


Group 
No. 


to 


Wk. 


Ist 


2nd | 


3rd 
Ist 


| 2nd 


3rd 


| Ist | 
| 2nd 


3rd 
Ist 
2nd 


3rd 


Paired Feeding 


Gain Intake Retention 
weight Ca P Ca P 
gm. mg. mg. mg. mg. 
13.3 626 141 85 42.7 
5.7, 557 | 126 —0.3 23.3 
4.7| 475 | 107 | 32.3 18.9 
14.6 Same as 82 | 38.7 
5.0 Group 1 40.7; 39.1 
4.7 | 95.6) 39.5 
12.0 172 20 | —4.4' 7.9 
4.3 142 16 |—40.5 3.8 
3.3, 145 | 16 |—17.9 —1.9 
10.4. Same as —4.7 9.0 
—0.7, Group3 —10.5, 6.9 
1.3, | 17.6 10.9 
TABLE III 


Remarks 


Ration 2965; no vitamin D 

oe 2965; ey ie) ae 

‘“é 2965: sé sé ‘“ 
2965 ; 


ai 2965; “a “ ae 
“m+ “ 8 
se + * = 
Diet R-14; no vs . 
“ R-1l4; rT ‘“ “ 
ae R-14: ae La) “ee 
*. wees. ** - _ 
“« R-14 + * 7 


oe R 14 + ae oe 


Tissue Analyses of Rats on Low P Diets, with and without Vitamin D,; 





Averages for Three Rats 


Mg. total 
Group and diet Vitamin D | 
bie 
S| a 
Group1. Ration None 11.344.1 
2965 
Group2. Ration 501. v. per day, 10.264.5 
2965 for 2 wks. 
Group 3. Diet None 11.336.9 
R-14 
Group 4. Diet 501. vu. per day 11.244.5 
R-14 for 2 wks. 





P per gm., dry weight we. ae 
F ; Blood 
- < = £ serum 
S1/2/3 
/2/E)2) ria 
13.011.416.816.1 4.110.3 


13.212.416.516.2 ! 
13.9 12.016.216.3 2.2 9.5 


14.512.516.316.7 5.212.6 


——= —EEE = 


although Ca and P retention were improved, growth was halted, 
and P went to blood and bone to restore them to their normal 
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phosphorus levels (Table II1). While P was being diverted to 
blood and bone, growth became static, for, as already apparent 
from our analyses, the P content of the soft tissues tends to remain 
constant. 

Since most theories of the mode of action of vitamin D have 
been evolved from experimental data accumulated with the use of 
Ration 2965, the question arises, how do the findings here presented 
fit in with current theories? Bills (23) in his review points out 
that the view was once held that the action of vitamin D was 
confined to the gut. Nicolaysen (24) revived this older theory 
when he found that in isolated loops of the intestine the adminis- 
tration of vitamin D increased the rate of absorption of Ca salts, 
but that no effect was observed when phosphates were used. 
Nicolaysen arrives at the conclusion that the primary effect of 
vitamin D is to increase the rate of Ca absorption from the gut. 
In view of the plethora of Ca in the gut and blood it is difficult 
to attribute the calcifying effects of vitamin D to an increase in 
the absorption of what already must be furnished in adequate 
amounts. Certainly any theory of the mode of action of vitamin 
D in rachitogenic diets must consider and include effects on P 
as well. 

A distinction should be made between the demands of bone and 
the soft tissues for phosphorus. Nicolaysen (25) has calculated 
the weekly P requirement of a rat growing 1 gm. per day as 31.5 
mg. Assuming that the P requirements are proportionate to the 
amounts retained by the various tissues, since approximately 
20 per cent of the P of the body is found in the soft tissues, 6.3 
mg. of P could be accepted as the weekly requirement for soft 
tissue development and 25.2 mg. of P as the weekly bone require- 
ment. It is obvious from Table II that supplementing Ration 
2965 with vitamin D resulted in a retention of P ample for the 
requirements of both soft and bone tissue. This shows why a 
rachitogenic diet composed of cereals cannot be used to demon- 
strate the diversion of P to bone by a supplement of vitamin D. 

From examination of the relation of the blood changes to these 
differences in growth it is apparent that without vitamin D the 
inorganic P content of the blood was low (2.2 mg. per cent), 
but growth proceeded; with vitamin D the inorganic P content of 
the blood was raised (5.20 mg. per cent), but growth was halted. 
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As the soft tissues were seeking P, and the P supply in the blood 
was increased, it follows that either the increase in inorganic P 
in the blood represented a form of P not available for growth, 
or that the growth of the tissues was inhibited by the presence of 
vitamin D directly. The latter is improbable, since adequate 
P in the diet gave normal growth in the presence of identical 
amounts of vitamin D. 

The hypothesis that the increased inorganic P in the blood is not 
simple inorganic P has been suggested. Fractionation of the 
forms of Ca and P in the blood by Benjamin and Hess (26) and 
Benjamin (27) indicate that a diffusible, adsorbable, Ca-P com- 
plex provides the substance for bone calcification. Vitamin D 
has been shown to increase the amount of this adsorbable P. 


SUMMARY 


A synthetic diet low in phosphorus and free of vitamin D but 
adequate in other nutritional requirements of the rat has been 
devised. When supplemented with sufficient phosphorus and 
vitamin D, it sufficed as the sole source of nutrients for three 
successive generations of rats. Without these supplements it 
produced rickets in from 12 to 14 days and brought on severe 
skeletal deformities in 6 weeks. Growth stopped after 4 to 5 
weeks, followed by a rapid decline in weight and death by the 
6th week. Phosphorus analyses of tissues and data on creatine 
and creatinine excretion did not provide the explanation. 

When vitamin D was added to the low P diet, the resultant 
metaphyseal healing was identical with that observed when like 
amounts were fed in cereal diets. However, when the low P diet 
was supplemented with vitamin D, a cessation or inhibition of 
growth occurred which did not result under the same circumstances 
with cereal rachitogenic diets. Calcium and phosphorus balances 
and tissue analyses revealed that vitamin D induced the utilization 
of P by bone, thereby depriving the soft tissues of their supply of 
P, which in turn inhibited growth. 
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The phlorhizinized dog has been used extensively for the quan- 
titative estimation of glucose formation from protein, amino acids, 
other organic acids, and products of metabolism. The depan- 
creatized dog has not been similarly used; i.e., fasted and then 
fed a pure protein. This work was undertaken to determine 
whether the depancreatized dog converts protein to glucose to 
the same extent as the phlorhizinized dog when the experimental 
conditions are as analogous as possible. For this purpose the 
glucose yield of casein was ascertained by similar procedures in 
both depancreatized and phlorhizinized dogs. And, since the 
yields in the depancreatized animals might be influenced by the 
unavoidable removal of pancreatic acinous function, the glucose 
yield of casein was also determined in phlorhizinized dogs after 
ligation of the pancreatic ducts. 


Methods 


Phlorhizinized Dogs. Intact--On the 3rd day of fasting and on 
each day thereafter normal dogs were injected subcutaneously 
with 1 gm. of phlorhizin (Merck) suspended in 10 cc. of olive oil, 
according to the method of Coolen (1895). It was found neces- 
sary to recrystallize the phlorhizin by the method of Deuel and 
Chambers (1925). The glucose to nitrogen ratio had usually 
reached a constant level by the 4th day on phlorhizin, at which 
time from 20 to 30 gm. of casein (Merck’s according to Hammar- 
sten) were given by stomach tube: One series of these animals 
was fed 100 gm. quantities of a special bread (soy bean) with a 
high protein content. The animals were used for a daily deter- 
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mination only for as long as they remained in good condition and 
their urine remained free of albumin. 

Ligated Pancreatic Ducts—The same procedure was employed, 
except that the dogs were used 2 or 3 weeks after the pancreatic 
ducts had been ligated and the pancreas separated from the duo- 
denum. They were all in excellent condition at the time the ex- 
periment was started. At the conclusion of the experiment 
autopsy examinations of the animals were made in order to es- 
tablish that the pancreatic ducts had not regenerated. These 
animals did not receive raw pancreas in their diet. A series of 
these animals was also fed the special bread. 

Depancreatized Dogs—Normal dogs were depancreatized, then 
standardized for several weeks on insulin and a diet including 
raw pancreas. At the beginning of an experiment they were 
deprived of food and insulin. On each day of fasting they were 
given 500 cc. of 0.9 per cent sodium chloride under the skin in 
order to combat the dehydration to which they are subject. Pre- 
liminary experiments had convinced us that this precaution is 
essential in order to maintain the animals in good condition and 
to insure a good yield of “extra sugar.”’ Usually by the 3rd 
day of fasting without insulin the glucose to nitrogen ratio had 
reached a constant level, and the animals were fed casein or the 
special bread. Ordinarily these dogs were used for determinations 
on only 2 or 3 successive days, since they fail to recover from 
longer experimental periods. 

Urine was collected under toluene from metabolism cages over 
24 hour periods, each period being marked by catheterization. 
Urinary sugar was determined by the Benedict method (1911). 
Urinary nitrogen was determined by the Koch and McMeekin 
(1924) micromethod, the nitrogen content of the casein and 
bread by the macro-Kjeldahl method. The extra glucose was 
calculated by the Lusk method. 


Results 


Glucose to Nitrogen Ratio—It has been suggested that no differ- 
ence exists between the glucose to nitrogen ratio of the fasting 
depancreatized and the fasting phlorhizinized dog (Dann, Cham- 
bers, and Lusk, 1931-32; Dann, 1933; Cori and Cori, 1935). Since 
the interpretation of our results depends on whether such a 
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difference exists, it seemed necessary to investigate this matter, 
although the suggestion was based on the results obtained in 
only two thyroidectomized animals. 

It was found that the average glucose to nitrogen ratio of forty- 
two fasting dogs on phlorhizin for 4 days was 3.55 + 0.06 (maxi- 
mum 4.38, minimum 2.26). The average glucose to nitrogen 
ratio of thirty-two fasting depancreatized dogs without insulin 
for 3 days was 2.91 + 0.09 (maximum 4.37, minimum 1.31). 
The average glucose to nitrogen ratio of nine fasting phlorhizinized 
dogs with ligated ducts was 3.60 + 0.08 (maximum 4.07, minimum 
2.95). In order to avoid the necessity of making a subjective 
selection of the “‘typical’’ fasting ratio for each animal, the fast- 
ing ratios of only the 4th day for the phlorhizinized dogs and of 
only the 3rd day for the depancreatized dogs were considered in 
arriving at these average values. As a result the range of varia- 
tion is perhaps wider than it might otherwise be. However, 
similar variations are to be found in the literature. 

Ligation of the pancreatic ducts did not alter the glucose to 
nitrogen ratio of phlorhizinized dogs. It is clear, however, that 
an experimental difference between the glucose to nitrogen ratio 
of the fasting phlorhizinized and depancreatized dogs does exist. 
In accordance with many previous observers, we occasionally ob- 
tained ratios of approximately 2.80 in phlorhizinized animals; 
but unselected data recorded in the literature show that of 100 
phlorhizinized dogs only 15 per cent had ratios below 3.0. 

During the course of these experiments it was found incidentally 
in a series of seven dogs which were sacrificed after the daily 
administration of phlorhizin for from 16 to 26 days that the liver 
was devoid of gross and microscopic fat (Sudan III). On a 
shorter period of phlorhizin administration we found, as is well 
known, that the liver was fatty. 

Glucose Yield of Casein—The results are shown in Tables I 
to III. In Table I, the results on the duct-ligated animals are 
given in some detail, since data on such animals are not available 
in the literature. In Table II the averaged results of the glucose 
yield of casein in the three types of animals are given; the analyses 
have been averaged and presented in the form of a single deter- 
mination. In Table III the glucose yields of casein are compared 
with those of the special high protein bread. 
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The intact phlorhizinized dog yielded an average of 48 per cent 
glucose from casein, which confirms Janney’s (1915) value of 48 
per cent. The depancreatized dog yielded an average of 43.5 


TaBLe | 
Response of Duct-Ligated Phlorhizinized Dogs to Casein 





2 Glucose Nitrogen |, ,:iucowe to. , | Extra glucose a 
| Fasting | Casein® Fasting Casein* Fasting Casein* Yield 

| gm. gm. gm. ' - oe per cent) gm. 

1 | 15.90 | 20.77 4.57 | 6.32 3.49 3.25 11.07 48.5 | 3.55 

2 30.05 | 24.65 | 8.45 | 8.30 3.57 | 2.97 7.69 33.9 | 3.55 

3 21.00 | 19.62 | 6.12 | 7.22 | 3.44 | 2.72 | 7.00 | 30.9 | 3.55 

4 12.55 | 15.40 | 3.98 | 5.68 | 3.15 | 2.70 | 7.35 38.2 3.55 

5 20.09 | 17.72 7.12 6.91 2.95 | 2.58 | 7.21 | 34.3 | 3.44 
Average....| 19.92 19.63 | 6.05 | 6.88 | 3.32 | 2.84 37.1 


* Average of two tests. The amount of pure casein fed was calculated 
from the nitrogen content, the factor 6.41 (Janney, 1915) being used. 





TABLe II 
Averaged* Results with Casein 
3 Bae: & 3 
e | s = | s Zz 

Preparation of dog *y s | sg | 5 b~ ~ H 3 iz 
s8i6|/ $9] 1/4) € (258) 3 
Z Zi0O Z =) 2 |S 

gm, gm. gm. | gm. oon 


Intact, phlorhizinized 6 11) Fasting 24.35 7 Al 
| 30.12! 4.72 28.07 8 24 48.6 
Duct-ligated, phlorhizinized | 5 | 10 Fasting 20.09 6.05 
22.21! 3.53 19.63 6 
Depancreatized 4 6 Fasting 11.24 3 


3 

3 

3. 

2.84 37.1 
2.88 
31.4 4.9216.79 5.98 2 


81) 43.5 


* The results have been averaged and presented in the form of a single 
determination for each type of animal. 


per cent glucose from casein. This determination has not been 
made before in the depancreatized dog by the method of urinary 
analysis. The results of Ralli, Canzanelli, and Rapport (1931), 
who determined the r.q. of the depancreatized dog fed casein, 
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implied a yield of approximately 50 per cent. However, their 
animals received 50 gm. of raw pancreas with the casein. The 
duct-ligated phlorhizinized dog yielded only 37 per cent glucose 
from casein. It is to be noted in Table II that on feeding casein 
the glucose to nitrogen ratio definitely decreased in the duct- 
ligated dogs, but not in the depancreatized dogs. The glucose 
yields when the more complex food, a special high protein bread, 
was fed confirm the differences noted for casein in the different 
canine preparations, except that the yield in the duct-ligated dogs 
is not significantly different from that in the depancreatized 
animals. 
TaBLe III 
Glucose Yields of Dogs Fed Casein and Bread* 


The values are given in per cent. 





Dos No. Intact, phlorbizinized a. -~ goed Depancreatized 
Casein Bread Casein Bread Casein Bread 
1 44.7 28.0 48.5 22.8 47.0 21.0 
2 51.3 26.8 33.9 21.7 43.8 23.2 
3 31.9 29.1 30.9 25.6 38.6 23.8 
4 48.5 | 20.4 | 382 | 19.5 | 44.0 
5 52.9 30.5 34.3 16.6 
6 55.9 28.7 20.8 
Average....... 47.5 28.7 37.1 21.1 43.3 22.7 
11t 21t 10t 30t 6t 81 


* This special bread contained 22.8 per cent protein, 20.5 per cent of 
digestible carbohydrate by chemical analysis, and 3.65 per cent nitrogen. 
+t These numbers refer to the total number of individual tests. 


Recovery of Ingested Glucose—<As an aid in the interpretation of 
the observed results, it is desirable to know how much ingested 
glucose may be recovered in the urine of the phlorhizinized and 
depancreatized dogs. Barker, Chambers, and Dann (1937) have 
recently obtained an average recovery of 95 per cent in fasting 
depancreatized dogs in twenty-one experiments. We have fed 
10 and 15 gm. of glucose to one fasting depancreatized dog and 
recovered 93 per cent in one instance and 87 per cent in the other. 
These values are within the range reported by the investigators 
just mentioned and also by Minkowski (1893), Allard (1908), 
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and Moorhouse and collaborators (1915), who fed glucose in ad- 
dition to a meat diet. 

In regard to the recovery of glucose in the fasting phlorhizinized 
dog, the values reported in the literature vary from 46 to 108 
per cent. The average of all the values (56) in the literature, 
including two of our own (82 per cent), is 87 per cent (Ringer, 
1912; Ringer and Frankel, 1914; Csonka, 1915; Sansum and 
Woodyatt, 1916; Olmsted, 1920; Ringer, 1923-24; Nash and Bene- 
dict, 1923; Nash, 1925; Deuel and Chambers, 1925; Wierzuchow- 
ski, 1927; Deuel, Wilson, and Milhorat, 1927; Boothby, Wilhelm), 
and Wilson, 1929; Loewi, 1902; Reilly, Nolan, and Lusk, 1898). 
It is apparent from these data that more ingested glucose is re- 
coverable in the urine in the depancreatized dog than in the 
phlorhizinized dog. 


DISCUSSION 


Low glucose yields from casein were obtained in the depancre- 
atized dogs and in the duct-ligated phlorhizinized dogs. These 
were the animals in which there was a disturbance of the acinous 
pancreatic function. These low yields may be due to (a) impaired 
digestion, (6) utilization of a greater proportion of the sugar 
formed, or (c) incomplete conversion of the protein to glucose. 
In regard to the first possibility we believe that protein in 25 to 
30 gm. quantities should be completely digested and absorbed 
(feces were rarely passed by these animals). Further, if one 
assumes that these animals convert casein to glucose to the same 
extent as intact phlorhizinized dogs, namely 49 per cent, and 
inserts such a yield in the Lusk equation which can be solved 
backwards for nitrogen intake, one obtains impossible answers. 
If the low yields were due to incomplete absorption of nitrogen, 
this procedure would reveal the true absorption. The fact that 
impossible answers are obtained proves that deficient digestion 
cannot be responsible for the low yields. These results further 
suggest that the depancreatized and duct-ligated animals do not 
convert casein to glucose to the extent of 49 per cent. That this 
is probably not the result of utilizing a greater proportion of the 
sugar formed is demonstrated by the fact that recovery of in- 
gested glucose is greatest in the depancreatized dog. The only 
possibility left is that the low yields indicate impairment of 





cr 
su 
fre 
fac 
tiv 











Gray, Ivy, and Cuthbert 179 


gluconeogenesis, so that less sugar is formed from a given amount 
of protein. It is well known that the depancreatized dog receiv- 
ing neither insulin nor raw pancreas very rapidly develops a fatty 
liver. Berg and Zucker (1931), Ralli, Rubin, and Present (1938), 
and Beazell and Schmidt' find similar changes follow complete 
ligation of the pancreatic ducts. Thus it is reasonable to consider 
that in the absence of acinous function of the pancreas, sufficient 
impairment of liver function occurs to depress gluconeogenesis. 

Although impaired gluconeogenesis may explain the low yields 
on casein, it can hardly explain the low glucose to nitrogen ratio 
of the depancreatized dog after a 3 day fast, for the obvious rea- 
son that the duct-ligated dogs showed a high ratio in spite of their 
liver damage. However, it should be remembered that in con- 
trast to the phlorhizinized dog, the long fasted depancreatized 
dog shows a progressively falling glucose to nitrogen ratio, and it 
is wholly possible that this phenomenon is a reflection of progres- 
sive liver damage, with consequent inability completely to convert 
protein to sugar. If it is true that the factor of liver damage is 
not operating in dogs fasted 3 days, why should it operate in the 
fed animals? Apparently the necessity of metabolizing a sudden 
influx of exogenous protein throws a strain on the liver which it 
cannot successfully withstand. 

The low glucose to nitrogen ratio during fasting of the depan- 
creatized dog may be due to oxidation of a greater proportion of 
sugar formed by gluconeogenesis, or to an inability to form sugar 
from unknown non-nitrogenous sources. We know of no satis- 
factory evidence which permits a choice between these alterna- 
tives. 

SUMMARY 

1. A comparative study has been made of the glucose to nitro- 
gen ratios during fasting, the recovery of ingested glucose, and 
the conversion of protein to sugar in intact phlorhizinized dogs, in 
phlorhizinized dogs with ligated pancreatic ducts, and in depan- 
creatized dogs. 

2. There is a significant difference between the glucose to nitro- 
gen ratios during fasting of depancreatized and phlorhizinized 
dogs. 


1 Beazell, J. A., and Schmidt, C. R., unpublished data. 
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3. A greater proportion of ingested sugar is recoverable in the 
urine of depancreatized dogs than in that of phlorhizinized dogs. 

4. Depancreatized dogs and duct-ligated phlorhizinized dogs 
give low glucose yields from ingested protein. Since impaired 
digestion cannot account for this finding, it is suggested that im- 
paired gluconeogenesis in the liver may be responsible. 
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Previous investigations on the amino acid composition of kera- 
tins have indicated that this class of proteins may be subdivided 
into two groups: eukeratins and pseudokeratins (1). Both are 
characterized by their insolubility in aqueous and organic solvents 
and by a relatively high degree of resistance towards enzymatic 
hydrolysis, but the eukeratins appear to be differentiated by a 
constant proportion of histidine, lysine, and arginine which are 
present in the molecular ratios of approximately 1:4:12. The 
constancy of this ratio in proteins of widely different biological 
origin led to the view (cf. (2)) that the basic amino acids may be 
of some special importance in the development of tissue proteins. 
It is possible that these three amino acids have a directive influ- 
ence on protein synthesis in the organism. Thus the recognized 
similarities in the gross structure of the eukeratins might depend 
upon the proportions of histidine, lysine, and arginine, while the 
variations in the individual keratins are the result of changes in 
the amounts of the non-basic amino acids. 

In contrast to the relative constancy of arginine, histidine, and 
lysine, the variability in the amount of cystine present in eukera- 
tins was early demonstrated by Buchtala (3) who isolated 14 to 
15 per cent of cystine from human hair, 8 per cent from horse 
hair, 3 per cent from horse’s hoofs, ete. Comparative biochem- 
ical investigations on the amino acid composition of eukeratins 
are lacking and it was deemed of interest to extend our knowledge 
of these proteins. 

181 


182 Composition of Eukeratins 


EXPERIMENTAL 


The preparation of the tissues for analysis was carried out by 
the methods described previously (4) except that the animal hairs 
were not subjected to digestion by pepsin and trypsin. 

All chemical analyses were repeated two or more times. Total 
nitrogen was determined by the macro-Kjeldahl method with 
Cu and Se as catalysts and sulfur by the Parr bomb method. 
The basic amino acids were isolated from 2.5 gm. of protein by 
silver precipitation (5) and the purity of the resulting flavianates, 
nitranilates, and picrates was checked by analyses and melting 
points. Cystine was determined by Miller and du Vigneaud’s 
procedure (6); tyrosine and tryptophane were estimated by a 
modification of Folin’s method (cf. (5)). Phenylalanine was de- 
termined by the dinitrobenzene procedure (5) and glycine was 
isolated by a modification of the method of Bergmann and Fox 
(cf. (5)). 

It should be recognized that the methods used for the estima- 
tion of the eight amino acids are not of equal precision. The ad- 
vantages and drawbacks of the above procedures have been 
discussed recently (5). However, it is the writer’s opinion that 
all are of value in a comparative investigation although they 
may not be entirely reliable as a means of estimating absolute 
amounts of amino acids. 


Results 


The analytical data are summarized in Table I which also in- 
cludes determinations made by Calvery (7), Hess (8), and Block 
and Lewis (9). The earlier results of the author have been con- 
firmed in practically all instances. In each case, however, the 
more recent analysis is reported. 

Arginine, Histidine, and Lysine—Of the eight amino acids in- 
vestigated, arginine, which can be determined with a relatively 
high degree of accuracy, is the most constant and was, there- 
fore, chosen as the base-line for the calculation of the molecular 
ratios. The outstanding fact apparent from Table I is the rela- 
tive constancy of histidine, lysine, and arginine to each other. 
These three amino acids are in the ratio 1:4:12 or 1:5:12 in all 
cases, except for goat hair which yields somewhat more lysine. 
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184 Composition of Eukeratins 


This increased amount of lysine does not appear to be the result 
of an analytical error but probably represents an actual difference 
in the composition of this tissue protein. The relatively small 
amount of histidine isolated from feathers may be due to 
analytical difficulties. 

Sulfur and Cystine—In confirmation of the older literature, the 
cystine (3) and sulfur (10) contents of the eukeratins are variable. 
Primate hair (human and chimpanzee) contains more cystine than 
any other keratin (¢f. (9)). The ratio of cystine to arginine in 
cow hair and echidna spines is almost as great as in primate hair, 
although the actual amounts of cystine in these proteins are less. 
Goat hair, cattle horn, rhinoceros horn, porcupine quills, and hen 
feathers yield comparatively small amounts of cystine. It is 
known that health and disease (8), as well as diet, can influence 
the cystine and sulfur content of hair (9, 11, 12), but the old 
claims of von Bibra (10) and of Fourcroy and Vauquelin (13) 
that red, blond, and white hair contains more sulfur than black 
hair are probably erroneous (cf. (9)). 

Tyrosine and Tryptophane—The tyrosine contents of the eukera- 
tins reported in this investigation are about 3 per cent, except in 
the cases of rhinoceros horn and echidna spines which yield ap- 
proximately 9 per cent of this amino acid and snake skin which 
contains over 5 per cent. Rhinoceros horn and echidna spines 
are remarkably hard substances. Egg shell membrane is the 
only protein reported in which the content of tryptophane equals 
that of tyrosine. This observation of Calvery (7) has been con- 
firmed by the author. 

Phenylalanine—Variations in the amount of phenylalanine 
present in several eukeratins were indicated by the earlier inves- 
tigations of Fischer and Dérpinghaus (14), Abderhalden and Voiti- 
novici (15), and Lissizin (16). The analytical results reported 
in Table I, all of which are those of the writer, confirm these im- 
pressions, for the values range from 2.0 per cent of phenylalanine 
in egg shell membrane to 6.8 per cent in echidna spines. The 
values of 2.5 per cent in human finger nails and of 2.6 per cent in 
human hair are of interest. 

Glycine—The eukeratins are relatively rich in glycine. The 
amounts present in hen feathers and snake skin are especially 
high. The isolation of over 13 per cent of glycine from the latter 
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protein indicates some similarity to the pseudokeratins, gorgonin 
and spongin, which contain approximately 14 per cent of glycine 
(4). Buchtala (8) claimed that the amino acid composition of 
human hair and sheep wool differs principally in that the former 
has a considerably greater proportion of glycine. Our results do 
not support this opinion, for when the same method of determina- 
tion was employed, human hair yielded 4,3 per cent, while wool 
contained approximately 6.5 per cent of glycine. 


SUMMARY 


1. The amounts of nitrogen, sulfur, histidine, lysine, arginine, 
cystine, tyrosine, tryptophane, phenylalanine, and glycine were 
determined in human hair, goat hair, lamb wool, camel wool, 
cattle horn, rhinoceros horn, finger nails, porcupine quills, echidna 
spines, hen feathers, and snake skin. 

2. In confirmation of earlier findings, the molecular ratios of 
histidine to lysine to arginine in these proteins remained relatively 
constant. In contrast, decided variations in the actual and rela- 
tive amounts of cystine, tyrosine, tryptophane, phenylalanine, 
and glycine were noted. 

3. Similarities and differences in the amino acid composition of 
fourteen eukeratins are given in Table I. Some salient points 
are (a) the relatively high content of sulfur and cystine in human 
and chimpanzee hair, of phenylalanine in echidna quills, of glycine 
in feathers and snake skin, of tyrosine in echidna spines and 
rhinoceros horn, and of tryptophane in egg shell membrane and 
echidna spines; (b) the relatively small amounts of cystine in hen 
feathers and cattle horn, of tyrosine in egg shell membrane, of 
phenylalanine in egg shell membrane and finger nails, and of 
glycine in human hair. 

4. The data given in this paper are interpreted as lending sup- 
port to previous suggestions concerning the special function of 
histidine, arginine, and lysine, particularly the first two, both 
in the genetic development of tissue proteins and in imparting to 
a protein its group or general characteristics. Variations in the 
other amino acids are probably responsible for specific individual 
differences. The stress laid on the constancy of the basic amino 
acids should not be understood as implying that these three acids 
alone have a unique importance in protein structure, although 











186 Composition of Eukeratins 


they may have in protein synthesis. The variability of the other 
amino acids and especially the changes in the cystine content of 
nails and hair in health and disease are of great significance. 
Further investigations on the comparative composition of the 
eukeratins are contemplated, for it is this way alone which will 
show whether or not amino acids, other than the basic amino 
acids, are present in the eukeratins in definite proportions. 


Addendum—The discrepancies between the values reported for total 
sulfur and cystine in gorgonin and spongin (4) are due to the failure to 
correct for the large amount of ash. Similar analytical results were ob- 
tained in 1931 as shown by the data given in Column 2 of Table I (4). 
When the correction for ash is made, the pseudokeratins, like the eukera- 
tins, appear to contain the greatest proportion, if not all, of their or- 
ganic sulfur in the form of cystine sulfur. 
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THE OCCURRENCE OF CYCLIZED VITAMIN A IN 
FISH LIVER OILS* 


By NORRIS D. EMBREE 
(From the Laboratories of Distillation Products, Inc., Rochester, New York) 


(Received for publication, December 15, 1938) 


From a vitamin A concentrate prepared from halibut liver 
oil, Castle, Gillam, Heilbron, and Thompson (1) separated a yel- 
low substance with an ultraviolet absorption spectrum similar to 
that shown in Fig. 1. The maxima of the three absorption bands 
occurred at 348, 369, and 389 my. The concentrate gave a blue 
color with antimony trichloride very similar to that of vitamin A, 
with a maximum absorption at 624 my and much less absorption 
at 579 my. Heilbron, Heslop, Morton, Rea, and Drummond (2) 
found that the spectra of the most volatile fractions from a pro- 
longed vacuum distillation of a very potent vitamin A concen- 
trate had a fine structure corresponding to these bands. 
Pritchard, Wilkinson, Edisbury, and Morton (3) found that the 
fraction of a sample of mammalian liver concentrate, which was 
insoluble in 83 per cent alcohol, had a spectrum with slight 
maxima also at 350, 367, and 390 mu. 

In these laboratories a substance with a similar absorption spec- 
trum has been noted in the low boiling fractions of fish liver oils 
distilled in the molecular still. Fig. 1 shows the absorption 
spectrum of a fraction from the redistillation of a tuna liver oil 
distillate. The absorption maxima occur at 350, 368, and 379 
my. E,o4. (368 mu) = 1385. 

Because the substance of most interest at the time of these 
distillations was vitamin A, the interference of this triple banded 
material with assays made by the Hilger vitameter earned it the 
temporary name of “spurious A.” 

A material with a spectrum similar to that of spurious A has 
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been prepared by Edisbury, Gillam, Heilbron, and Morton (4), 
Vitamin A was “‘cyclized’”’ by them by treating it with n/30 
hydrogen chloride in absolute alcohol. The “cyclized vitamin A” 
had absorption maxima at 333, 350, 369, and 392 mu. “‘Cycliza- 
tion” of vitamin A alcohol concentrates! by their method has been 
carried out several times in these laboratories, and each time the 
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Fic. 1. The ultraviolet absorption spectrum of a concentrate of spurious 
A from tuna liver oil. 


cyclized material had only the three absorption maxima charac- 
teristic of spurious A (Fig. 2). The crude cyclized material was 


1 Vitamin A ester concentrates, such as high potency distillates of halibut 
liver oil, may be cyclized by the same method. But these materials must 
be exposed to the alcoholic hydrogen chloride for 4 hours instead of 20 
minutes at room temperature. The vitamin A activity of the material 
which Pritchard et al. (3) found in the petroleum ether solution of a vitamin 
A alcohol concentrate after the vitamin A alcohol had been extracted 
with 83 per cent alcohol might well have been due to small amounts of unsa- 
ponified vitamin A ester. The ester will not dissolve in 83 per cent alcohol, 
and like Pritchard’s material, will not produce cyclized vitamin A with 20 
minutes exposure to alcoholic hydrogen chloride. 
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purified by distillation, and the first fractions had the same spec- 
trum as that of the spurious A concentrate shown in Fig. 1. The 
later fractions had spectra showing the presence of more and more 
unchanged vitamin A. The spectrum of the most potent frac- 
tion so far obtained with EF (368 mu) = 1442 is also shown in 
Fig. 2. Evidently the band at 333 my described by Edisbury 
et al. was due to vitamin A still present in the mixture. In the 
cyclizations studied so far, the extinction coefficient at 368 my 
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Fic. 2. The ultraviolet absorption spectra of preparations of cyclized 
vitamin A. (a) represents a crude product resulting from treatment of 
vitamin A with n/30 alcoholic hydrogen chloride; (6), a distillate of the 
erude product. 


of the cyclized vitamin A formed is 100 to 110 per cent of the ex- 
tinction coefficient of the vitamin A converted. This suggests the 
possibility that the maximum extinction coefficient of cyclized 
vitamin A is about the same as that of vitamin A, and, therefore, 
the amounts present of the two materials may be compared by 
comparing their maximum extinction coefficients. A method for 
estimating the individual extinction coefficients in a mixture of 
both will be discussed later. 
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Some of the physical and chemical properties of spurious A 
and cyclized vitamin A were studied in the attempt to determine 
their nature and their possible identity. 

Both substances in the concentrated fractions were mobile, 
orange-red liquids with, as has already been mentioned, the same 
maxima of ultraviolet absorption and about the same extinction 
coefficient in the highest concentrates of each obtained so far, 

Neither substance can be extracted from a petroleum ether solu- 
tion with 83 per cent alcohol. 

Both substances are very unstable. Great care is needed to 
prevent the oxidation of concentrated samples. 


TaBLe | 
Analytical Distillation of Spurious A Concentrate 


E (328 mu) by 





Pressure of 








| 


Fraction No. Temperature residual gas | Per cent distilled yihaaneter 
C. microns . 

l 80 3.8 3.2 38.3 

2 90 3.8 2.8 61.5 

3 100 3.8 3.4 78.5 

4 110 3.8 2.8 64.8 

5 120 3.3 3.9 34.3 

6 130 3.3 4.8 13.1 

7 140 2.8 6.2 4.5 

8 150 3.0 6.1 1.8 


The elimination curve, the graph against the temperature of 
distillation of the percentage yields at each temperature from a 
mixture of synthetic glycerides by analytical molecular distilla- 
tion (5, 6), was determined for each material and was found to 
be the same. The maxima of the curves occurred at about 100°, 
or some 20° lower than for vitamin A. This showed that the 
ratios of the vapor pressure to the square root of the molecular 
weight were the same for the two substances. The data for the 
elimination curve for spurious A are given in the next two para- 
graphs and in Table I. 

Analytical Distillation No. ES-25—The distilland was composed 
of 2 cc. of a spurious A concentrate, 27 cc. of the high boiling 
fraction (free from vitamin A) from fish liver oil, and 30 cc. of 
constant yield oil. 
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The mixture was treated in a small cyclic still having a distilling 
column 2.4 cm. in diameter and 7.0 cm. in length. The rate of 
circulation was set so that the reservoir was emptied in 9 minutes 
and another minute was allowed for the oil in the connecting 
tubing to be replaced, thus giving a 10 minute cycle. 

The complete ultraviolet spectra of Fractions 4 and 6 (Table I) 
were examined and found to be typical of spurious or cyclized 
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Fic. 3. The transmission spectrum of the antimony trichloride 
blue color of a cyclized vitamin A concentrate. O = minimum trans- 
mittance of a fresh solution. Curves 1, 2, and 3 represent transmission 


curves drawn in quick succession. 


vitamin A. Accordingly, the extinction coefficients at 328 my, 
as determined by the vitameter, were considered to be a measure 
of the amount of cyclized vitamin A present. The peak of the 
elimination curve for vitamin A alcohol, when determined in a 
similar manner on the same still, is about 120°. 

Edisbury et al. (4) state that with antimony trichloride in 
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chloroform, cyclized vitamin A reacts to give the same color 
that vitamin A gives. We find that purified samples of cyclized 
vitamin A prepared by distillation have this same property. The 
concentrates of naturally occurring spurious A act similarly. The 
reaction gives a greenish blue solution with a maximum absorp- 
tion at 623 my. 

The transmission spectra of the blue colors were measured in 
a Hardy (7) recording spectrophotometer made by the General 
Electric Company. The transmission curves for a distilled 
cyclized vitamin A having E (328 my) = 592 and E (368 my) = 
1318 are shown in Fig. 3. To prepare the test mixture for the 
recording photometer, 10 cc. of a saturated (at 20°) solution of 


TABLE II 


Extinction Coefficients of SbCls; Blue Color of Cyclized Vitamin 
A Concentrate 


Time E (580 mp) E (623 my) 
Maximum 1020 1800 
1 min. 15 sec. 706 
i= * 1430 
5 “a 25 ey 527 
. * oe * 1050 
9 oe 40 ei 425 
ere 860 


SbCl; in chloroform were added to the absorption cell in which 
had already been added 1 cc. of 0.00456 per cent solution of the 
cyclized vitamin A in chloroform. The wave-length scale had 
been set at 580 mu. In 5 seconds the transmission read reached 
a minimum of 42.3 per cent and then started to increase. The 
reaction was repeated with the wave-length scale at 623 muy. 
The transmission reached a minimum of 18.0 per cent and then 
began to rise. The wave-length scale was then set back to 400 my 
and the instrument allowed to trace out the transmission curve 
three times. The quickness of the fading is shown by the extine- 
tion coefficients calculated at the times when the wave-lengths 580 
and 623 my were reached (Table II). 

Each of the curves had a sharp minimum at 623 my. The 
580 my band was almost hidden by the 623 my band. The be- 
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havior is very much like the reaction with vitamin A concentrates, 
except that the latter have transmission minima at 620 to 622 
my and usually show no sign of a band near 580 my. The ratio 
of E (620 muy) to E (328 my) ranges from 3 to 4 for most highly 
concentrated spurious A or cyclized vitamin A preparations, 
while it is about 3 for many vitamin A concentrates. Thus, the 
error in assaying vitamin A samples which contain spurious A or 
cyclized vitamin A by the SbCl; color method may be even greater 
than when the ultraviolet absorption at 328 my is used. 

The two substances do not form crystalline addition products 
with picric acid. When varying amounts of the concentrates 
were added to a saturated solution of picric acid in alcohol, the 
solutions turned dark, but no crystals were formed. Hydro- 
carbons with similar absorption spectra described by Hausser, 
Kuhn, and Smakula (8) did form these crystalline addition prod- 
ucts very easily. 

The similar physical and chemical properties of spurious A 
and cyclized vitamin A indicate that it is very unlikely that they 
are not identical. It will be assumed now that they are the 
same substance. The name cyclized vitamin A is rather a poor 
choice, because the nature of the cyclization has not yet been 
established. However, 1 ,6-dimethylnaphthalene has been found 
by Heilbron, Morton, and Webster (9) in material formed by 
selenium dehydrogenation of a vitamin A concentrate and of a 
cyclized vitamin A concentrate prepared by the method of Edis- 
bury et al. (4), which probably contained appreciable amounts of 
unchanged vitamin A. The dimethylnaphthalene ring may 
have been formed from the cyclized vitamin A during the dehydro- 
genation or may even have come from vitamin A and not cyclized 
vitamin A. Since either name is only useful until the substance 
is actually identified, the name cyclized vitamin A will be used 
because it has already been referred to by that name in the litera- 
ture. 

As a rule, cyclized vitamin A is found along with vitamin A so 
that the absorption spectrum of the material studied is a combina- 
tion of the two. Therefore, a method for estimating the relative 
amounts of the two substances is quite valuable. The “purest” 
spectrum, that is the one with the highest ratio of EF (368 my) to 
E (326 my), of cyclized vitamin A that we have prepared is that 
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shown in Fig. 1. This ratio is 3.04. The average ratio of E 
(368 my) to E (326 my) for many samples of vitamin A concen- 
trates made by molecular distillation from fish liver oils in these 
laboratories is 1:3.84. In our experience the maximum absorp- 
tion is at 326 mu for vitamin A alcohol concentrates, and it is with 
this form of the vitamin that the cyclized vitamin A usually oc- 
curs. If Eg. is allowed to represent the extinction coefficient at 
326 my due to the vitamin A present, E}¢s for the extinction coeffi- 
cient at 368 my for the vitamin, and correspondingly E25 and 
E%s for the cyclized vitamin, and Efe, and Ei,, for the total ob- 
served extinction coefficients, then by a solution of the simultane- 
ous equations involved, the fraction of the absorption at 326 mu 
due to the vitamin is 
Vv , 

ie = 1.094 — 0.359 i (1) 

The fraction of the absorption at 326 my due to the cyclized 
vitamin is 

E26 E326 
Es Es " 

These equations are not offered with the purpose of making 
exact calculations, but are expected to be useful in estimating the 
amounts of the materials involved. 

A test of the equation was made on, one of the first samples 
made from tuna liver oil, which had the characteristic spectrum 
of cyclized vitamin A. The value for EF (326 my) of the sample 
was 125 and that for EZ (368 mu) was 309, which, by Equation 1, 
would predict that the portion of E (326 my) due to the vitamin 
was 27. The sample was biologically assayed* against U.s.P. 
reference oil and found to contain 75,000 units of vitamin A per 
gm. In our experience, vitamin A concentrates which have been 
processed to remove other materials which absorb in the ultra- 
violet have a ratio of E (326 to 328 my) to v.s.P. units per gm. of 
about 2110. Thus, the vitamin A contained in the sample could 
be represented by a vitamin A absorption curve with EF (326 my) 
of about 30, which compares quite favorably with the predicted 
value of 27. This rough check helps to validate Equation 1 and, 


? Assayed by H. J. Cannon of the Laboratory of Vitamin Technology, 
Chicago. 
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at the same time, indicates that the cyclized vitamin A has no 
vitamin A potency for rats. Further studies of the biological 
properties of cyclized vitamin A are in progress. 

Because cyclized vitamin A had not been reported before as a 
common constituent of fish liver oils, the possibility was considered 
that it might be formed by the thermal decomposition of vitamin 
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Fia. 4. The effect of heating a vitamin A ester concentrate at 200°. Ab- 
sorption spectra are shown for the original material and for the products 
after being heated for 10, 20, and 60 minutes. 

Fic. 5. The effect of heating a vitamin A alcohol concentrate at 200°. 
Absorption spectra of the original material and the products after being 
heated for 5, 10, and 20 minutes. 


A during distillation. Such a decomposition was reported when 
the vitamin is heated or distilled by Heilbron et al. (2). Vitamin 
A ester and alcohol concentrates prepared from tuna liver oil 
were heated at 200° and the spectra examined. In neither case 
was cyclized vitamin A formed. At this temperature the vitamin 
A ester concentrate had a half life of about 18 minutes (see Figs. 
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4 and 5) and the alcohol concentrate had a half life of about 7 
minutes. 

Possibly, too, the cyclized vitamin A might have been produced 
by action at the distillation temperatures of the free fatty acids 
in the oils. When a vitamin A ester and an alcohol concentrate 
were heated for 3 minutes at 200° in the presence of 80 per cent 
oleic acid, some cyclized vitamin A was formed (Figs. 6 and 7). 
However, when 10 per cent oleic acid (Fig. 8) was used, little 






















T T 
a-VITAMIN A ALCOHOL 
a CONCENTRATE IN 
80 7% OLEIC ACID 
b-AFTER HEATING 
of AT 200°C. FOR 3 MINS 
re 
- 
5r 5 
° 1 l 
200 300 400 500 


WAVELENGTH ma 


Fic. 6. The effect of heating a vitamin A alcohol concentrate with 80 per 
cent oleic acid. (a) represents the absorption spectrum before heating; 
(b), absorption spectrum after being heated at 200° for 3 minutes. 


cyclized vitamin A was formed, although the half life of the vita- 
min A ester concentrate was cut down to about 7 minutes. 

Fractions from fish oils, containing cyclized vitamin A, that 
we have studied were distilled with only a few seconds’ exposure to 
temperatures well under 200° from oils with free fatty acid con- 
tents varying from 0.01 to 0.5 per cent as oleic acid. The vitamin 
A yields were around 100 per cent, so there can be little doubt 
that substantially all the cyclized vitamin A found in the dis- 
tillates was present in the original oil. 
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Fia. 7. The effect of heating a vitamin A ester concentrate with 80 per 
cent oleic acid. (a) represents the absorption spectrum before heating; 
(b), absorption spectrum after being heated at 200° for 3 minutes. 
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Fic. 8. The effect of heating a vitamin A ester concentrate with 10 per 
cent oleic acid. Absorption spectra are shown for the original material 
and for the products after being heated at 200° for 1, 2, 4, and 8 minutes. 
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Molecular distillations of samples of halibut, pollack, and cod 
liver oils have been carried out. The lowest boiling fractions, 
like those from tuna liver oil, show the presence of cyclized vita- 
min A. Its concentration is often about 2 per cent of that of 
vitamin A. 


The author wishes to express his thanks to Kenneth C. D. Hick- 
man for many valuable suggestions, to other chemists of Distilla- 
tion Products, Inc., for their technical assistance, and to the 
physics department of the Research Laboratories of the Eastman 
Kodak Company for the measurement of absorption spectra. 


SUMMARY 


Cyclized vitamin A, the material formed by treatment of 
vitamin A with HCl in alcohol, has been found to occur naturally 
in tuna and other fish liver oils. It appears to have no growth- 
promoting power, but has considerable ultraviolet absorption at 
328 my and gives practically the same SbCl, reaction as vitamin A. 
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STUDIES ON THE MERCAPTURIC ACID SYNTHESIS 
IN ANIMALS 


XI. THE DETOXICATION OF BENZYL CHLORIDE, BENZYL 
ALCOHOL, BENZALDEHYDE, AND S-BENZYLHOMO- 
CYSTEINE IN THE RABBIT AND RAT* 


By JAKOB A. STEKOL 
(From the Department of Chemistry, Fordham University, New York) 


(Received for publication, January 4, 1939) 


In an earlier paper we reported that benzyl chloride, when fed 
to dogs, yielded N-acetyl-S-benzylcysteine in the urine. The 
same mercapturic acid was formed from S8-benzylcysteine in the 
organism of the rat, rabbit, and dog (1). 

The present report deals with detoxication of benzyl alcohol, 
which may conceivably be an intermediate which is formed from 
benzyl chloride in the animal body before the synthesis of benzyl- 
mercapturic acid occurs. Should this assumption be true, one 
could then expect benzylmercapturic acid to appear in the urine 
of animals to which benzyl alcohol was fed or injected. On the 
other hand, if benzyl alcohol could be demonstrated to be metab- 
olized and yield in the urine products other than the expected 
benzylmercapturic acid, then this aromatic alcohol could hardly 
be considered as a probable intermediate in the synthesis of ben- 
zylmercapturic acid from benzyl chloride. We therefore adminis- 
tered benzyl alcohol to rabbits and rats and isolated from the 
urine of these animals the detoxication products. In addition, 
benzaldehyde was similarly studied, as it appeared possible that 
this substance might arise from benzyl alcohol on oxidation of the 
latter. 

Another point which we wished to investigate in the present 
work was the possible rédle of homocysteine in the detoxication of 


* The results on S-benzylhomocysteine were reported in a preliminary 
paper at the meeting of the American Chemical Society, at Milwaukee, 
in September, 1938. 
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benzyl chloride. In experiments with rats fed diets deficient in 
the sulfur-containing amino acids, homocystine can supplement a 
cystine-deficient or methionine-deficient diet as effectively as 
cystine or methionine, respectively, for purposes of growth (2, 3). 
These findings may be interpreted as indicating the conversion of 
homocystine into cystine or methionine respectively. It appeared 
possible that benzyl chloride, when fed to animals, combined first 
with homocysteine and the resulting S-benzylhomocysteine then 
underwent conversion to S-benzylcysteine and subsequently to 
benzylmercapturic acid. Should this be true, the administration 
of S-benzylhomocysteine to animals would yield in the urine 
N-acetyl-S-benzylcysteine. 

It appeared desirable also to establish the synthesis of benzyl- 
mercapturic acid from benzyl chloride in the rabbit and rat. 

The experiments presented here are concerned with the fate of 
benzyl alcohol, benzaldehyde, benzyl chloride, and S-benzyl- 
homocysteine in the rabbit and rat. 


EXPERIMENTAL 


Four albino rabbits of 2 to 3 kilos in weight and six albino rats 
of 200 to 300 gm. in weight were used. The animals were kept in 
individual metabolism cages and fed Purina Chow and water 
ad libitum unless indicated otherwise. The urine was preserved 
with toluene. 

dl-S-Benzylhomocysteine was prepared from dl-homocystine 
(4); the latter was synthesized from dl-methionine (5). Benzalde- 
hyde and benzyl alcohol were commercial products. All the 
substances were analytically pure. The substances isolated from 
the urine were analyzed for carbon and hydrogen (Pregl), nitrogen 
(micro-Dumas), and acetyl (Elek and Harte (6)). The melting 
points of the substances were not corrected. 

Experiments with Benzyl Alcohol and Benzaldehyde—1.0 gm. 
each of benzyl alcohol and of benzaldehyde was injected subcuta- 
neously in three portions 2 hours apart into rabbits, two animals 
being injected with each of the substances studied. 24 hour 
samples of urine from each rabbit were collected separately, and 
the following procedure for the isolation of the detoxication prod- 
ucts was applied to each urine. 

The urine was neutralized with HCl and evaporated in vacuo 
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at 38-40° to a syrup, acidified with HCl to Congo red paper, and 
extracted with several portions of ethyl acetate. The extract was 
then evaporated in vacuo at 38-40° to dryness, and the residue was 
dissolved in boiling water. On cooling, a yellowish precipitate 
separated. It was centrifuged off, again dissolved in boiling water, 
and decolorized with norit A. On cooling the filtrate, shiny short 
needles crystallized. The product was recrystallized from water 
several times until perfectly colorless crystals were obtained. 
The yield was 300 to 400 mg. per 1.0 gm. of benzyl alcohol or 
benzaldehyde administered. The products were dried in vacuo 
over H,SO,, and on analysis proved to be identical with hippuric 
acid. 


Compound injected. ... sia neiih deamon Cc H N M.p. 
Cc. 

Benzyl alcohol. Found 60.0 5.20 7.80 187-188 

Benzaldehyde. a . 60.28 5.15 7.82 186-187 


Calculated for hippuric acid 60.30 5.08 7.82 187-188 


500 mg. each of benzaldehyde and of benzyl alcohol per kilo of 
weight were injected subcutaneously into six rats, three animals 
being injected with each of the substances studied. Pooled 48 
hour samples of urine were used for the isolation of the detoxica- 
tion products by the procedure which was described above. The 
substances isolated on analysis proved to be identical with hippuric 
acid. 

Experiments with dl-S-Benzylhomocysteine—-2.0 gm. of dl-S-ben- 
zylhomocysteine were fed to each of the four rabbits and 1.0 gm. 
of the same substance was fed to each of the six rats. The sub- 
stance was fed mixed with the food. The urine of each animal 
was then treated exactly as was described above. In every case 
N-acetyl-S-benzylhomocysteine was isolated from the urine, and 
typical analytical values are shown below. 


Cc H N Acetyl M.p. 
. 
Rabbit. Found.... 58.33 6.45 5.30 16.00 129-130 
Rat. 58 .33 6.45 5.17 16.21 129-130 
Calculated for 
C,3H;;NSO; . 88.42 6.36 5.24 16.11 


N-Acetyl-S-benzylhomocysteine which was isolated from the 
urine was converted to S-benzylhomocysteine by the procedure 
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which we used for the determination of the acetyl group (6), 
About 100 mg. of the substance were digested for 3 hours at 100° 
in 10 ce. of 25 per cent solution of p-toluenesulfonic acid. The 
digest was then cooled and the acidity was adjusted to the faint 
blue of Congo red with ammonia. On cooling in the refrigerator, 
crystalline material separated. It was centrifuged off, washed 
with cold water, and recrystallized several times from hot water. 
The dried material had a melting point of 239-247°, the nitrogen 
content was 5.98 per cent (micro-Dumas); calculated nitrogen 
percentage for S-benzylhomocysteine was 6.22. The isolated prod- 
uct was free from acetyl group. 

As will be seen from the discussion, we had reason to believe 
that the isolated N-acetyl-S-benzylhomocysteine is probably of 
the levo form. We hope to present in a future communication a 
more detailed study of the transformation of the d-mercapturic 
acids into the 1 form in vivo. For this reason we have not included 
the data on the optical rotation of the isolated compounds in the 
present report. 

Experiments with Benzyl Chloride—500 mg. of benzyl chloride 
were injected subcutaneously into each of the four rabbits, and 
100 mg. of the same substance were similarly injected into each of 
six rats. The pooled urines of each group of animals were used 
for the isolation of benzylmercapturic acid by the procedure which 
was described above. The analytical values shown below indi- 
cate that the isolated product is identical with N-acetyl-S-benzyl- 


cysteine. 


Cc H N Acety! M.p. 
"Cc. 
Rabbit. Found...... 56.70 5.65 5.55 16.31 147-148 
Rat. _ nee 56.80 5.78 5.50 16.80 148-149 
Calculated for 
CysHisNSOy........ 56.92 5.93 5.54 16.98 
DISCUSSION 


The results presented above indicate that neither benzyl alcohol 
nor benzaldehyde is formed from benzyl chloride in the animal 
body, inasmuch as both of these substances when administered to 
rats or rabbits yielded in the urine hippuric acid and not benzyl- 
mercapturic acid. The oxidation of benzaldehyde and its various 
derivatives to the corresponding benzoic acids in the animal body 
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was observed previously by a number of workers (7). Our results 
offer evidence for the assumption that benzyl chloride was coupled 
directly with the —-SH group of some substance in the animal body 
and after undergoing further metabolic changes was finally ex- 
ereted in the urine as benzylmercapturic acid. The substance 
with which benzyl chloride combined was certainly not homo- 
cysteine, as the results presented above indicated. S-Benzyl- 
homocysteine, when fed to rats or rabbits, yielded in the urine 
N-acetyl-S-benzylhomocysteine. Had benzyl chloride been cou- 
pled with homocysteine in the animal body, N-acetyl-S-benzyl- 
homocysteine would have been excreted in the urine of animals 
after the administration of benzyl chloride. The results further 
show that S-benzylhomocysteine is not convertible into S-benzyl- 
cysteine in the rabbit or rat. These findings, however, do not 
preclude the possibility of conversion of homocysteine into cys- 
teine in the animal body. 

There is still the question as to whether the cysteine of benzyl- 
mercapturic acid is derived from the protein of the diet or of the 
tissues. Our earlier work on the synthesis of mercapturic acids in 
animals (8) left us almost convinced that the hydrocarbons which 
yield mercapturic acids in animals react with tissue protein first. 
The damaged tissue then undergoes repair, the efficiency in which 
is largely determined by the cystine and methionine of the diet. 
In view of the similarity in the detoxication of benzyl chloride and 
that of halogenated benzenes, naphthalene, and anthracene we are 
inclined to suggest that in the case of benzyl chloride, as in the 
case of the hydrocarbons, the tissue protein is attacked first. 

Of particular interest in this connection is the observation that 
benzyl chloride induces sensitization in animals (9). In discussing 
the mechanism of sensitization of animals to simple organic sub- 
stances, Heidelberger concludes that, ‘““The simplest explanation 
at present would seem that in certain individuals conjugation of 
the drug or hapten takes place with the tissue protein, forming a 
new antigen which gives rise to the sensitization phenomenon” 
(10). From the above discussion it appears that the tissue protein 
may be the common factor in the mechanisms of sensitization and 
detoxication of benzyl chloride in animals. 

As we pointed out previously (1), in the light of Knoop’s theory 
regarding the rdle of the acetylation mechanism in the synthesis of 
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amino acids in vivo (11) the synthesis of N-acetyl-S-benzylcysteine 
from S-benzylcysteine may indicate the formation of a correspond- 
ing derivative of a-keto-8-thiopropionic acid as the intermediate 
substance in the animal body. Similar considerations may apply 
to the synthesis in vivo of N-acetyl-S-benzylhomocysteine from 
S-benzylhomocysteine. In this case the corresponding derivative 
of a-keto-y-thiobutyric acid may be the intermediate compound. 
If our deductions are correct, they could be demonstrated experi- 
mentally by the administration of d-S-benzylhomocysteine. If 
acetylation occurs in the manner described by Knoop (11) and du 
Vigneaud and Irish (12), -N-acetyl-S-benzylhomocysteine would 
appear in the urine. Such a result would offer a direct demonstra- 
tion of the convertibility of d-homocystine into the / enanthio- 
morph in vivo. 


Grateful acknowledgment is made to Mr. J. Alicino for the 
microanalytical work. 


SUMMARY 


1. Benzyl chloride injected into rabbits and rats yielded in the 
urine N-acetyl-S-benzylcysteine. 

2. Benzyl alcohol and benzaldehyde injected into rabbits and 
rats yielded in the urine hippuric acid. This indicates that neither 
benzyl alcohol nor benzaldehyde can be considered as an inter- 
mediate substance which is formed from benzyl chloride in the 
animal body. 

3. dl-S-Benzylhomocysteine, when fed to rabbits and rats, 
yielded in the urine N-acetyl-S-benzylhomocysteine, the spatial 
configuration of which was not determined. Reasons are pre- 
sented for the assumption that the isolated product might be the 
l form of the homocysteine derivative. The results further indi- 
cate that homocysteine is not involved directly in the detoxication 
of benzyl chloride, and that S-benzylhomocysteine is not convert- 
ible into S-benzyleysteine in vivo. 

4. In view of the similarity in the detoxication of benzyl chlo- 
ride, halogenated benzenes, and certain hydrocarbons it is assumed 
that benzyl chloride, when administered to animals, reacts with 
tissue protein as the first step in the course of its detoxication to 
yield benzylmercapturic acid. 
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5. A possible connection between the mechanism of sensitization 
to benzyl chloride in animals and that of detoxication of this sub- 
stance is pointed out. 
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(From the Departments of Biochemistry, School of Medicine, George 
Washington University, Washington, and Cornell University 
Medical College, New York City) 


(Received for publication, January 18, 1939) 


In instances in which the unnatural form of an amino acid is 
capable of supporting the growth of animals on diets devoid of, or 
deficient in, the naturally occurring form, it is rather generally 
accepted that the animal is able to convert the unnatural isomer 
into its antipode through the keto acid (1-4). However, when 
the unnatural isomer cannot be so utilized, such as in the case of 
cystine (5), lysine (6-8), and certain other amino acids (3), it 
may be questioned whether oxidation to the keto acid occurs 
before some irreversible reaction involving another part of the 
molecule takes place. In these instances, the keto acid corre- 
sponding to the amino acid would not be available, therefore, 
for the asymmetric synthesis of the latter. On the other hand, 
if oxidative deamination does occur first, it may be that the keto 
acid is so unstable that opportunity for conversion to the natural 
form is not afforded. Such possibilities were pointed out in con- 
nection with our discussion of the oxidizability of the stereo- 
isomers of cystine (9). 

We have therefore become interested in ascertaining whether 
the keto acid of cystine can be utilized for growth. Since the 
keto acid is not yet available, an indirect attack based on circum- 
stantial evidence would seem to be justified. The present com- 
munication is based on such an approach. 

As discussed in a previous communication (10), there is con- 
siderable reason to suspect that N-methylamino acids which are 
able to support growth in lieu of the natural amino acid do so by 
virtue of the fact that they are deaminized oxidatively to the cor- 
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responding keto acids and that the latter are converted to the 
amino acids. It has already been shown that amino-N-methyl- 
tryptophane (11), amino-N-methylhistidine (12), N , N’-dimethyl- 
homocystine (10), and N-methylmethionine (10) can be utilized 
by the body for growth purposes. In our work with the latter 
two amino acids, arguments were presented that demonstration 
of growth-promoting power of an N-methylamino acid was 
tantamount to demonstrating that the corresponding keto acid 
was likewise capable of being utilized. It is realized, of course, 
that this conclusion is based on inference, but we feel it is justi- 
fied at our present state of knowledge. 

On the basis of the preceding considerations, we felt that it 
would be of interest to study the utilization of the N-methyl 
derivative of cystine. Both optically active forms were studied. 
It is of interest in this connection that Gordon (13) found 1(+)- 
amino-N-methyltryptophane (14) to be utilizable but that the 
d(—) isomer was not. 

The N,N’-dimethyleystine was not available at the time this 
study was contemplated. Previous work had shown that the 
usual method of synthesis of N-methylamino acids involving 
methylation of the benzenesulfonyl derivative did not lead to 
the preparation of the compound. Acid hydrolysis of the acyl 
derivative resulted in the cleavage of the nitrogen from the carbon 
skeleton of the cystine moiety (15). The observation by du 
Vigneaud and Behrens (16), that the toluenesulfonyl group could 
be removed from an amino acid derivative by reduction with 
sodium in liquid ammonia, opened a new approach to the syn- 
thesis of N ,N’-dimethyleystine. The methylated toluenesulfonyl 
derivative of l-cystine was therefore prepared and was treated 
with sodium in liquid ammonia. The reduction procedure was 
found to be effective, since dimethyl-l-cystine could be isolated 
from the reaction mixture, after removal of the ammonia and sub- 
sequent oxidation of its aqueous solution with air. The product 
so obtained was partially racemized. Further work showed it 
advantageous both from the standpoint of yield and purity to 
isolate the S-benzyl-N-methyl-/-cysteine as an intermediary step 
after the detosylation before preparing the dimethyl-l-cystine. 
The benzyl derivative was formed by adding benzy! chloride to 
the liquid ammonia reaction mixture. The benzyl derivative 
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after isolation and recrystallization was then treated with sodium 
in liquid ammonia and the N-methyl-l-cysteine so formed was 
oxidized to the disulfide by the addition of an ethereal solution 
of iodine to the liquid ammonia reduction mixture. The N,N’- 
dimethyl-d-cystine was prepared from d-cystine obtained from 
the resolution of dl-cystine (17). 

The properties of the N ,N’-dimethyl-l-cystine which we pre- 
pared and used in the feeding work agree with those recently re- 
ported for the compound by Bloch and Clarke (18) who prepared 
the compound by a somewhat different procedure which was 
based, however, on the reduction of the toluenesulfony! derivative 
with sodium in liquid ammonia. 


EXPERIMENTAL 


Preparation of d- and |-Di-p-Toluenesulfonylcystine—A solution 
of 13.5 gm. of /-cystine in 114 cc. of N NaOH was stirred vigorously 
with a mechanical stirrer and a solution of 42 gm. of p-toluene- 
sulfonyl chloride in 100 cc. of ether was added in ten portions at 
15 minute intervals. Each portion was preceded by the addition 
of 11.4 cc. of 2N NaOH. Additional ether was added from time 
to time to dissolve some acid chloride which had precipitated. 
A brown color gradually developed. When the addition of the 
sulfonyl chloride was complete, the solution was stirred for 30 
minutes longer. After removal of the ether layer the solution 
was extracted with 100 cc. of ether. The dissolved ether was then 
removed by warming, and concentrated HC] was slowly added 
to the warm solution with vigorous shaking. The crystals which 
precipitated first were quite colorless but upon further addition 
of the HCl the precipitate began to bring down some of the 
colored impurity. At this stage it was found best to treat the 
mother liquor with norit and then to proceed with the addition 
of HCl. Treatment of the more alkaline solution itself with 
norit failed to remove the color. 22 gm. of di-p-toluenesulfonyl- 
cystine were obtained, which represented 74 per cent of the 
theoretical yield. The product gave a negative Sullivan test for 
cystine. After recrystallization by solution in NH,OH and 
precipitation with HCl, the compound melted at 214” and had 


1 All melting points reported in this paper are corrected. 
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a rotation of [a]?? = —153° for a 1 per cent solution in water con- 
taining an equivalent amount of NH,OH. The melting point 
agreed with that given by Bloch and Clarke (18). As pointed 
out by the latter authors, McChesney and Swann (19) reported 
a melting point of 201-203° for the compound recrystallized from 
60 per cent alcohol. 

Preparation of d- and I-S-Benzyl-N-Methylcysteine—To 5 gm. 
of di-p-toluenesulfonyl-l-cystine dissolved in 55 cc. of N NaOH 
in a 200 ce. round bottomed flask, 2.3 cc. of methyl iodide were 
added. The stopper was wired to the flask and the solution was 
warmed to about 70°. The flask was shaken vigorously until 
the methyl iodide layer had disappeared. 

After the solution had cooled, it was extracted with ether. 
The aqueous layer was then overlaid with 100 cc. of ether and was 
strongly acidified with HCl. The aqueous layer was reextracted 
with small portions of ether until it gave a negative test for di- 
sulfide. The combined ether extracts were then washed with 
water containing a small amount of sodium bisulfite and were 
distilled. The amorphous residue which was left was covered 
with 200 cc. of liquid ammonia and about 3 gm. of sodium were 
added in small pieces while the solution was stirred mechanically. 
The color of the solution changed from colorless to red at the 
end of the addition of 8 moles of sodium. A very slow reaction 
then took place with the remaining sodium and, at the end of 
the addition of 16 moles, the solution was very thick and a per- 
manent blue color remained. The excess sodium was destroyed 
with ammonium chloride and 2.3 cc. of benzyl chloride were slowly 
added. The liquid ammonia was allowed to evaporate and 50 
ce. of ice and water were added. The resulting solution was ex- 
tracted twice with ether and then acidified with HCl to pH 6. 
The precipitated crystals of S-benzyl-N-methyl-l-cysteine were 
filtered and washed successively with water, a slight amount of 
alcohol, and then with ether. The product weighed 2.2 gm., 
which represented 53 per cent of the theoretical amount. After 
recrystallization from hot dilute HCl, the compound possessed a 
rotation of [a], = +64.5° for a 1 per cent solution in N HCl and 
a melting point of 207-208° (with decomposition). 


Cy,,H,O,NS. Calculated, N 6.4; found, N 6.2 
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The d isomer was prepared in a similar manner. It possessed 
a rotation of [a],— —65° and a melting point of 207-208° 
(with decomposition). 


CyH,,0O:N8. Calculated, N 6.4; found, N 6.2 


Preparation of d- and I-N,N’-Dimethylcystine—6 gm. of 
S-benzyl-N-methyl-l-cysteine were dissolved in 200 cc. of liquid 
ammonia and about 3.6 gm. of sodium were added in small 
pieces until the blue color of excess sodium was permanent. Am- 
monium iodide was added to remove the excess sodium and then 
an equivalent amount of iodine dissolved in dry ether was slowly 
added. The ammonia was allowed to evaporate and the residue 
was taken up in about 20 cc. of ice and water. The ice-cold 
solution was extracted with ether. The pH was adjusted to 6 
with HI and 4 to 5 volumes of absolute alcohol were added. The 
crystalline mass which precipitated was centrifuged and was 
washed with absolute alcohol. The crystals were then suspended 
in a small amount of water and were filtered. A second crop was 
obtained by adding alcohol to this aqueous filtrate. 2.3 gm. of 
N,N’-dimethyl-l-cystine were obtained, which represented 65 
per cent of the theoretical yield. The material was free of cystine, 
as shown by the Sullivan test. The compound was recrystallized 
by dissolving a portion in a minimum amount of N NaOH and 
adding HI until the solution was just acid to litmus. After an 
hour, fine needles separated. These were washed with cold water 
and with alcohol. They melted with decomposition at 216-218° 
and had a rotation of [a]? = +75.5° for a 1 per cent solution in 


wn HCl. . 
CsH,OiN2S:. Calculated, S 23.9, N 10.4; found, 8 23.7, N 10.5 


The d isomer was likewise prepared. It possessed a rotation 
of [a}%** = —75° and melted at the same temperature as its 
optical antipode. 


CsH,O.NS2. Calculated, N 10.4; found, N 10.1 


Growth Studies—Two litters of rats were used to test N,N’ 
dimethyl-l-cystine and N ,N’-dimethyl-d-cystine for their avail- 
ability for growth. The basal diet was identical with that used 
in our previous studies in which a cystine-deficient diet was de- 
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Taste I 
Food Consumption of Litter 1 
| Ps 
Days Daily supplement to basal diet consump: 
gm. 
1-30 | | 6.2 
1-30 xk 
1- 4 5.5 4 
4-24 20 mg. l-cystine 7.6 : 
24-30 0.3% a 8.1 : 
1-4 | 6.8 ; 
4-24 20 mg. l-cystine 7.8 
| 24-30 0.3% ee | 7.8 
. 6199 | 1-4 | | 4.8 ba 
4-14 | 22 mg. N-methyl-l-cystine (2 pills) | 4.9 
14-24 | 4 * ” — Tk 7.6 2 
24-30 | 0.52% “ ea 
[ 622 | 1-4 | 6.8 - 
4-14 | 22mg. N-methyl-l-cystine (2 pills) 5.5 @ 
| 1424 | 44 “ “ @ *) 9.3 
/ | 24-30 | 0.52% “ 8.1 - 
| jas 
Taste II —— 
Food Consumption of Litter 2 " 
ist Wo. and Days Daily supplement to basal diet ee ex 
per cent gm. 
687 # 1-4 3.7 
688 9 1-24 4.7 3 
685 ot I-4 | 5.0 | 
; 4-24 0.45 N-methyl-d-cystine 4.1 | 
: 686 ¢ 1- 4 4.5 
4-24 0.45 N-methyl-d-cystine 4.4 
683 9° 1- 4 5.0 
4-22 0.45 N-methyl-l-cystine 5.2 
684 1- 4 6.0 
4-22 0.45 N-methyl-l-cystine 6.4 
681 ¢ 1-4 4.5 
} 4-24 0.30 l-cystine | 4.9 
i 682 ¢@ 1- 4 | 4.3 
4-24 0.30 l-cystine 4.9 
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sired (10), having the following percentage composition: casein 
6.0, dextrin 33.0, sucrose 15.0, lard 19.0, cod liver oil 5.0, salt 
mixture (Osborne and Mendel (20)) 4.0, agar 2.0, and milk vita- 
min concentrate (21) 16.0. It was fed ad libitum and a record 
was kept of the food consumption, which is given in Tables I 
and II. 
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Cuartl. Litter 1. Growth curves of rats on a cystine-deficient diet 
supplemented with /-cystine and N,N’-dimethyl-l-cystine. 

Cuart2. Litter 2. Growth curves of rats on a cystine-deficient diet, 
supplemented with /-cystine, N,N’-dimethyl-l-cystine, and N,N’-dimethyl- 
d-cystine. 


The animals were given the basal diet for a preliminary period 
of 4days. At the end of this period Rats 619 and 622 of Litter 1 
were given dimethyl-l-cystine daily in two dextrin pills, each pill 
containing 11.1 mg. of the cystine derivative. After 10 days, the 
daily amount was increased to 44.4 mg. to see whether better 
growth would result. The dosage was furthermore divided into 
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six pills daily to afford the opportunity for better utilization. 
Rats 621 and 623 of Litter 1 served as controls, receiving 20 mg. 
of l-cystine daily as a supplement to the basal diet. As in the 
case of dimethyl-l-cystine, for the first 10 days the supplement was 
divided into two daily doses and thereafter into six. For the 
last 6 days of the experimental period, the dimethyl-l-cystine and 
l-cystine were incorporated in the diet at a concentration of 0.52 
per cent and 0.3 per cent respectively. Rats 620 and 624 were 
kept on the basal diet throughout the experimental period. 

In planning the experiment with Litter 2, it was decided to 
incorporate all of the supplements in the diet instead of giving 
them in the form of pills. There were some indications from the 
results with Litter 1 that better growth resulted when the di- 
methyl-l-cystine was made available to the body in small amounts 
repeatedly during the day. The dimethylceystine derivatives 
were administered in the diet at a somewhat higher level than the 
l-cystine. Rats 683 and 684 were given the dimethyl-l-cystine 
and Rats 685 and 686 the dimethyl-d-cystine at a concentration 
of 0.45 per cent in the diet, equivalent to 0.4 per cent /-cystine. 
Rats 681 and 682 received /-cystine at a concentration of 0.3 per 
cent and Rats 687 and 688 were kept on the basal diet through- 
out the experimental period. 

As the individual growth curves in Charts 1 and 2 demonstrate, 
the animals were able to grow with N ,N’-dimethyl-l-cystine in 
lieu of l-cystine. On the other hand there was little difference, 
if any, between the behavior of the animals on the basal diet and 
those which had received the dimethyl-d-cystine as a supplement. 


DISCUSSION 


As previously discussed in the introduction to this paper, 
there is evidence to believe that in the utilization for growth 
purposes of N-methylamino acids there occurs an oxidative deami- 
nation to the keto acid followed by the synthesis of the amino 
acid. The ability of dimethyl-l-cystine to support the growth of 
animals on a cystine-deficient diet, as shown in the present experi- 
ments, might be explained on this basis; that is, the dimethyl-l- 
cystine would be oxidatively deaminized to dithiodipyruvie acid 
and the latter converted to /-cystine. The positive growth results 
with dimethyl-l-cystine would therefore lead to the inference that 
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the body is capable of converting dithiodipyruvie acid into cystine 
and that this keto acid should support growth under the condi- 
tions of these experiments. 

In the case of leucine and isoleucine, the keto acid analogues 
have actually been prepared and studied (3). These keto acids 
have been found to support growth on diets devoid of the cor- 
responding amino acids. This is of particular significance to the 
present discussion because both d-leucine and d-isoleucine are 
incapable of supporting growth. It will be seen that the be- 
havior of d-leucine and d-isoleucine and their keto acids is quite 
parallel to the inferred behavior of the dithiodipyruvic acid and 
to the known behavior of d-cystine. 

Our finding that dimethyl-d-cystine is incapable of being 
utilized, although the dimethyl-l-cystine can be, is of interest in 
the light of the observations of Gordon that the d(—)-amino-N- 
methyltryptophane cannot be utilized although the I(+) com- 
pound could be. It would begin to appear that methylation of 
the amino acid corresponding to the unnaturally occurring 
series prevents oxidative deamination. In the case of trypto- 
phane the effect of methylation is perhaps more striking, since 
d-tryptophane itself can be utilized. 


SUMMARY 


The N,N’-dimethyl-l-cystine is capable of supporting the 
growth of animals in lieu of /-cystine, whereas the N , N’-dimethyl- 
d-cystine gave no indication of its being utilized in this manner. 

It has been inferred from these data that the keto acid of 
cystine should be capable of supporting growth under the experi- 
mental conditions employed in this work. 
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The fundamental task of protein chemistry is the establishment 
of the composition of the various proteins in terms of the constit- 
uent amino acids in the same manner as the composition of simpler 
molecules has been ascertained in terms of their constituent 
atoms. We have attempted, therefore, to develop a general 
principle that would permit the determination of amino acids 
to be made with a precision approaching that attained in the 
elementary analysis of simpler molecules. The present communi- 
cation contains a description of this new principle, and of its 
application to the determination of glycine, /-alanine, /-leucine, 
and l-proline in solutions of known content. In addition, deter- 
minations of l-proline and glycine in hydrolysates of cattle 
tendon collagen and of commercial gelatin preparations are 
described. 


Analytical Procedure 


All the methods hitherto described for the determination of 
amino acids have one feature in common. In each instance an 
attempt is made to isolate as much as possible of a given amino 
acid—either as such or as a salt, a derivative, or another trans- 
formation product. With respect to the precipitation of amino 
acids as salts, all efforts have been directed towards the discovery 
of reagents permitting the quantitative removal of an amino 
acid from protein hydrolysates. The well-nigh insurmountable 
difficulties attending the development of a reagent which will 
selectively and quantitatively remove any amino acid from so 
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complex a mixture are evidenced by the fact that no reagent ful- 
filling these requirements has as yet been found. It has fre- 
quently been suggested that the accuracy of determinations 


_ involving salt precipitations could be improved by incorporating 


in the final result a correction which allows for the solubility of 
the salt in the mother liquor. The fact has been neglected, how- 
ever, that the solubility of an amino acid salt in its mother liquor 
is a rather complex function of the composition of this mother 
liquor. Without any knowledge of the nature of this function, 
it is impossible to ascertain how much of an amino acid salt has, 
under given conditions, escaped precipitation. In consequence, 
there is a varying element of doubt attached to all the figures for 
the amino acid content of a protein which have been obtained 
with the aid of methods employing salt precipitations. 

The experiments reported in the present paper were undertaken 
to study the solubility behavior of amino acid salts. These 
studies resulted in a method for the determination of amino acids 
which foregoes any attempt at a complete precipitation of an 
amino acid as a salt. On the contrary, in the new method only 
those amino acid salts that possess a measurable solubility can 
be employed (1). 

This method is founded upon our experimental observation 
that the amount of an amino acid salt precipitated from a solution 
is, at equilibrium, a function of the concentration of its ions in 
solution. The general case under investigation is that in which 
an amino acid A combines with an acidic reagent RH to form the 
binary salt AH-R. It was found that the quantity of the salt 
AH-R, which crystallizes from a solution containing the ions 
AH* and R-, is such that at the completion of the precipitation 
the product of the concentrations of the ions AH* and R~ remain- 
ing in solution has assumed a value that is a constant for a given 
solution at a given temperature. 


[AH*] X [R-] = constant (1) 


In order to discuss the applicability of Equation 1 to the 
determination of an amino acid, the following example may be 
considered. To a solution containing Y moles of an amino acid 
in a volume of v ml. are added r’ moles of reagent. After equilib- 
rium has been attained, the precipitated amino acid salt is filtered, 
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weighed, analyzed, and thus found to contain z, moles of the 
reagent. The difference (r’ — z,) is the quantity of reagent 
remaining in solution. This quantity, when reduced to a | liter 
basis, gives the concentration of the reagent remaining in solution. 
The concentration of A remaining in solution may also be found 
from the weight and composition of the precipitate, for the pre- 
cipitate contains equimolar amounts 2, of reagent and y, of amino 
acid. Therefore Y — y; is the amount of A remaining in solution. 
This quantity must also be reduced to a 1 liter basis in order to 
obtain the concentration of the amino acid remaining in solution. 
If one now employs the concentrations of amino acid A and 
reagent RH remaining in solution, instead of the concentrations 
of the respective ions AH* and R~, Equation 1 may be written 
in the following form.' 
1000(r’ — 2) x 1000(Y — ~) ma 
v v 


Cc (1, a) 


The constant, C, and Y are the only unknowns in Equation 
1, a. In order to eliminate the constant, it is necessary only 
to perform a second experiment in which an identical sample of 
amino acid solution is employed, but a larger amount of reagent 
r”. A larger amount of precipitate is formed in this experiment, 
but it again contains equivalent molar quantities xz, of reagent 
and y2 of amino acid. This second experiment can be represented 
by Equation 1, b. 

1000(r"" — 24) 1000(¥ ~ ys) _ 
v v 


C (1, 5) 


A combination of the Equations 1, a and 1, 6 gives Equation 2. 
(r’ — 21) (Y — wi) = (r” — 22) (Y — ys) (2) 


From this equation the value for Y, the amino acid content of 
the sample originally taken, may readily be calculated. 
Fig. 1 illustrates an experiment in which r’ and r” moles of a 


! It will be noticed that in substituting the concentrations of A and RH 
for the concentrations of AH* and R~, the activity coefficients of these 
ions are neglected. The assumption is made that the activities, whatever 
they may actually be, remain nearly constant over the concentration range 
covered by the analytical precipitations. The admissibility of this assum p- 
tion is supported by the experimental data reported in Table I. 
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reagent are added to two equal samples of a solution, each con- 
taining Y moles of amino acid. The moles of reagent added are 
plotted against the moles of amino acid present. It is apparent 
that when the precipitation has ceased, x’ moles of reagent and y’ 
moles of amino acid remain in the solution to which r’ moles of 
reagent were added. Similarly, x” moles of reagent and y” moles 
of amino acid remain in the solution to which r” moles of reagent 
were added. Thus we find that the course of the precipitation 
with increasing amounts of reagent follows a hyperbolic curve 
passing through the points C’ and C”. 
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Fic. 1. Determination of amino acids by means of the solubility product. 
The symbols have the values described in the text. 


From Fig. 1 it follows that Equation 2 may also be written 


z’xXxyeart"’xy"=C (2, a) 


This constant, reduced to a 1 liter basis, is usually referred to 
as the solubility product of the salt. Since the new analytical 
method is based upon the law of the constancy of the solubility 
product, it may, for the sake of brevity, be designated the solu- 
bility method. 

In Table I are reported the experimental data from a number 
of determinations—made with the solubility method—of amino 
acids in solutions of known content. 



































TaBLe I* 
Amino Acid Analyses by Solubility Method 








Aminoacid | Resse: Amino | Rengene Amino | ia 
Amino acid pH p— ——" Lf | solution | found | ban my A 
mole mole mole mole adie. 
L-Proline | 0.00420 _ in {0.00427+10.0032310.00104 | $.72 x 10-* 
205 ~—see. (0.00504 0. 00353 0. 0015110.00419| 8.80 x 10-* 
0.075 NY 
HCl + 135 | 
cc. metha- | 
| nol 
l-Alanine | 0.00299 in l0.00188¢/0 .00157 (0.00031 1.96 X 107? 
15 ce. N {0.00282 0.00223 0.00059 0.00300 1.99 X 10-* 
| HCl | 
| 0.00300 in 0. -001873/0. 0015190. 00036: 2.39 X 10° 
| = ng N 0. .00281 0. oe 0006410.00302| 2.36 X 107 
Proline | 0.0150 in 75 |0.009363)0. ,00758)0 .00178 2.34 X 107° 
ec. N HCl |0.01405 (0.01084/0.00321/0.0149 | 2.37 x 10-* 
l-Leucine | “ “ — |0.00936$)0. 00885,0. 00051 | 5.55 X 10- 
0.01405 |0. 01274/0.0013110.0152 | 5.24 x 10-¢ 
Glycine Pe, 8. 00585} 0. 00365 0. 00220 4.42 xX 10-3 
(0.01405 0. 009540. 0045110.0152 | 4.36 x 107° 
L-Proline + | 0.0150 +  (0.00936t/0.00771/0.00165 2.14 X 10°%§ 
glycine | 0.00500 in 0.01405 0.0111110.002940.0154 2.03 x 107%§ 
| 7 ce. N 
| HCl 
l-Leucine + | 0.00790 + 0.00468{)0. 003940. 00074 5.18 X 10-4 
l-proline 0.00381 in (0.00707 0.005760.001300.00817| 4.92 * 10~*| 
75 ec. 0.91 | 
| w HCl 


* We should like to state that \ we attach no greek significance to ‘the 
absolute values of the solubility products reported in the last column. 
The complex radicals used as precipitating agents undergo a slow decompo- 
sition. In addition, the various determinations were made under slightly 
different experimental conditions, exerting varying influences upon the 
solubility products. From the analytical point of view it is important, 
however, that the two simultaneous precipitations of each determination 
were performed under identical experimental conditions and consequently 
resulted in identical solubility products. For example, the two alanine 
determinations in Table I differ from each other in the absolute values of 
their solubility products. However, the solubility product is a constant 
for the two simultaneous precipitations of each determination. Moreover, 
the alanine values obtained in the two independent determinations are in 
good agreement with each other and with the amount of alanine actually 
present. 

t Ammonium rhodanilate. 

t Sodium dioxpyridate. 

§ For proline. 

| For leucine. 
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The high degree of accuracy achieved in the determinations 
reported in Table I is indeed gratifying and may, in part, be a 
consequence of the paucity and simplicity of the manipulations 
required in each determination. In applying the solubility 
method to protein hydrolysates, it is essential to preserve this 
simplicity in so far as possible. To this end it is advisable to 
perform each precipitation directly upon a fresh sample of hy- 
drolysate, all manipulative procedures which might entail losses 
being avoided. 

The solubility method should have a wide application in the 
determination of amino acids, for there are many reagents which 
form crystalline salts with amino acids; some of these reagents 
will be described in succeeding papers of this series. At present 
it may be pointed out that the solubility method is by no means 
restricted to the determination of amino acids, but may be applied 
also to the determination of a variety of constituents of complex 
mixtures. 

One of the advantages of the solubility method is the relative 
ease with which the accuracy of the results obtained by it can be 
checked. There are several checks that can be applied. In the 


_ first place, when one is dealing with solutions of unknown amino 


acid content, it is advisable to perform three or four precipitations 
(rather than only two) with equal samples of the amino acid 
solution but increasing amounts of reagent. From a series of 
three precipitations, three values for the amino acid content of 
a solution may be calculated; while from a series of four precipita- 
tions, six values may be calculated. None of the values should 
be accepted unless all of them are in good agreement. In the 
second place, the determination may be repeated with a different 
concentration of the amino acid. The results of the determina- 
tions performed at different concentrations should check one 
another. In the third place, a known quantity of the amino acid 
under investigation may be added to the analytical solution before 
the precipitations are performed. The result of the determina- 
tion, reduced by the amount of amino acid added, should closely 
approximate the result obtained when no amino acid is added. 
The description of the application of these checks to the deter- 
mination of l-proline in protein hydrolysates will be found in the 
experimental section of this paper. 
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In the application of the solubility method two types of reagents 
are available. One type comprises those reagents which are 
specific for a single amino acid and do not precipitate other amino 
acids under ordinary conditions. Rhodanilic acid, when used 
as its ammonium salt, seems to represent this type of reagent, 
inasmuch as it precipitates only proline (2). A second, and more 
general type of reagent, forms salts with a variety of amino acids. 
These salts, however, frequently exhibit differences in the values 
of their solubility products (Table I). Since the relative concen- 
trations of amino acids in the hydrolysates of different proteins 
vary within wide limits, the same reagent may be used for the 
determination of one amino acid in one hydrolysate and of another 
amino acid in another hydrolysate. In order to illustrate this 
procedure in an artificial mixture, there are described in this paper 
determinations, made with dioxpyridic acid (3), of Lleucine in a 
mixture of l-leucine and /-proline, and of /-proline in a mixture of 
l-proline and glycine. 

When a reagent of the second type is applied to the determina- 
tion of any component of a mixture of amino acids of unknown 
content, either or both of the following procedures may be em- 
ployed to insure the precipitation of a single amino acid salt. 
The mixture may be diluted to a point at which the solubility 
product of only one component of the mixture with the reagent 
is surpassed. At such a dilution only a single amino acid salt 
is precipitated. Sometimes, however, the various amino acids 
are present in such relative amounts that there can be found no 
dilution at which only one amino acid is precipitated by a given 
reagent. This difficulty may be overcome by the addition of a 
known quantity of the amino acid under determination. These 
procedures will be exemplified in forthcoming papers on the com- 
position of proteins. 

Protein hydrolysates sometimes contain several stereoisomeric 
forms of an amino acid. If both the J and the d forms of an 
amino acid are present, they will behave, in the course of a deter- 
mination by the solubility method, as two amino acids, the salts 
of which, with a symmetrical reagent, possess identical solubility 
products. If there is a preponderant quantity of one of the 
stereoisomers, the determination may be performed at such a 
dilution that only the predominating isomer is precipitated. If, 
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on the other hand, both the / and the racemic form of an amino 
acid are present in solution, they may behave as two different 
amino acids, the salts of which possess different solubility products, 

The accuracy of the solubility method so far surpasses that of 
the methods hitherto available that it seems worth while to apply 
it to a reinvestigation of the amino acid content of many proteins. 
Thus we intend to subject the periodicity theory of protein struc- 
ture to a series of rigorous checks.” 


Determinations of l-Proline and Glycine in Gelatin and Collagen 


In order to test the applicability of the solubility method to 
protein hydrolysates, l-proline was determined in hydrolysates of 
gelatin and of collagen of cattle Achilles tendon. For a compari- 
son the glycine content of these proteins was. reinvestigated. 
Glycine was precipitated by means of potassium trioxalatochromi- 
ate, according to the procedure recently described (7). The results 
of these glycine determinations are reported in Table II, while the 
experimental details will be found in the experimental section 
of this paper. 

The agreement among these values is rather striking. It indi- 
cates that the glycine determination, by means of potassium 
trioxalatochromiate, is sufficiently precise to permit a comparative 
study of the collagens of different tissues and of various species. 
In this respect it seems of interest that the glycine content of the 
collagen and the gelatins investigated is the same. 

The average glycine content, 26.5 per cent, found for several 
gelatins in these experiments is only slightly higher than the 25.5 
per cent found by Dakin (8). 


? Doubts as to the validity of the periodicity theory have recently been 
expressed by Astbury (4). After discussing the stoichiometry of the kera- 
tin molecule on the basis of the available constituent analyses of sheep 
wool, he emphasizes that frequencies such as eight and nine cannot coexist 
within the same protein molecule. As a matter of fact, the coexistence of 
these frequencies has never been claimed. Moreover, we feel that con- 
stituent analyses of protein mixtures of varying composition, such as the 
varieties of sheep wool, should not be employed as a basis for the calcula- 
tion of amino acid ratios within the keratin molecule. Still less acceptable 
is the calculation, by Astbury, of the leucine ratio within the keratin mole- 
cule on the basis of a leucine determination performed with sheep wool in 
1907 by Abderhalden and Voitinovici (5) by means of the ester method; 
i.e., by a method known to give incomplete yields of a mixture of leucine, 
isoleucine, and valine (6). 
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With the figure of 26.5 per cent glycine, one may easily calculate 
that 100 gm. of water and ash-free gelatin or collagen would yield 
0.353 gm. equivalent of glycine. The average weight of all the 
known amino acid residues in gelatin is about 89.2. This value is, 
in all probability, too low, inasmuch as the amino acid residues 
yet to be determined in gelatin may possess a higher average 
residue weight. We suggest an average residue weight of about 
125 as a fair estimate for these undetermined residues. If these 
residues are taken into account, the corrected average residue 
weight for the total number of amino acid residues in gela- 
tin would be 93.7. 100 gm. of gelatin therefore should yield 
on complete hydrolysis 1.067 gm. equivalents of the average 


TABLE II 
Glycine Content of Several Protein Hydrolysates 


Amount 
Amount , 
of of Total N NH:-N_ Glycine Cyne 


Protein — glycine | of ppt. of ppt. | found | protein 

ployed added 
gm. | mg. | mg. mg. mg. per cent 
Pig skin gelatin 1.81 | 82.6/ 1.8 | 471 | 26.0 
0.905 | 230 | 81.5 1.4 | 466 | 26.1 
Coignet Gold Label gelatin 1.72 81.2; 1.3 465 27.0 
0.860 | 230 | 8.0 0.9 461 26.9 
Cattle Achilles tendon 1.56 72.1 1.9 409 26.2 
collagen 0.780 | 230 | 76.5| 1.3 | 438 | 26.7 


amino acid. If one out of every three amino acids in gelatin were 
glycine, then 100 gm. of the protein should yield 0.356 gm. equiva- 
lent of glycine or 26.7 per cent. The values found are in ex- 
cellent agreement with this calculated figure. It appears there- 
fore that one out of every three amino acid residues in gelatin 
and in collagen is indeed glycine, as has already been suggested 
by Astbury (9) on the basis of Dakin’s glycine estimation (8). 
By means of the solubility method, proline was determined as 
rhodanilate by precipitation with ammonium rhodanilate. The 
method of procedure will be found in the experimental section. 


‘If the average residue weight of the undetermined amino acids in 
gelatin were 130 instead of 125, then 100 gm. of gelatin should yield 0.355 
gm. equivalent of glycine or 26.6 per cent. 
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The values obtained are reported in Table III. The average of 
the proline estimations in two commercial gelatins and in collagen 
of cattle Achilles tendon is 17.5. The single determinations do 
not deviate from the average by more than 2.5 per cent of the 
final value. 

In an earlier paper from this laboratory, the value 19.7 per 
cent was reported for the proline content of gelatin. Our earlier 
value was obtained from experiments in which we endeavored to 
precipitate proline as completely as possible and to apply an 
empirical correction. As is pointed out in the present communi- 


Taste III 
Proline Content of Several Protein Hydrolysates 























| Amount : | Proline No. of 
Prete | Spe | votes | added | Soa | Pra 
gm. ec. gm. percent | 
Pig skin gelatin | 2.53 | 330 | 17.5 3 
| 2.48 | 450 | (17.6 | 3 
| 1.27 | 3390 | o.m9 | 17.7 | 3 
Coignet Gold Label | 2.59 | 330 | | 17.0 3 
gelatin | 2.59 330 | | 17.6 | 3 
| 1.21 | 330 | 0.250 | 17.4 | 2 
Cattle Achilles tendon 2.33 | 330 17.1 | 3 
collagen | 1.09 | 330 | 0.251 | 17.8 3 





* This determination was performed by Dr. H. R. Ing in this laboratory. 


cation, values obtained by a “maximum precipitation” method 
can never be thoroughly accurate. 

On the other hand, there is as yet no proof that the value 17.5 
per cent, obtained for l-proline by the solubility method, represents 
the total proline content of the original gelatin and collagen. It 
seems possible that a part of the proline is racemized during the 
hydrolysis of the protein with boiling hydrochloric acid. The 
extent of racemization during hydrolysis is at present being 
thoroughly investigated in this laboratory. In the event that 
this investigation should reveal only an inconsequential racemiza- 
tion, thus making the total proline content of gelatin and collagen 
about 17.5 per cent, one may easily calculate that the numerical 
ratios of proline to glycine to all amino acid residues are approxi- 
mately 3:7:21. It is apparent that the proline residues cannot 
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be distributed through the peptide chains of gelatin and collagen 
in a manner so that they recur regularly with a frequency of 
seven. It may become necessary, therefore, to assign a dual 
frequency to the distribution of proline in gelatin and collagen. 
However, we should like to reserve the discussion of the stoichiom- 
etry of gelatin and collagen pending the results of further investi- 
gations now in progress. 


EXPERIMENTAL 
General Remarks 


When the solubility method is employed, the following pre- 
cautions must be observed. The precipitating reagent used must 
be analytically pure. The recovered amino acid salt also should 
possess a high degree of purity, and its composition should be 
rigorously checked in every instance. The final concentration 
of the ions participating in the solubility product must be appre- 
ciable in comparison with the experimental errors involved in the 
determination of these concentrations. Suitable experimental 
conditions fulfilling these requirements must be found for each 
type of determination. 

Finally, it should be emphasized that care must be taken to 
insure the establishment of a true equilibrium. 

Sodium Dioxpyridate—This compound was prepared as de- 
scribed earlier (3). It was then dissolved in a minimum of water 
at room temperature, filtered, and salted-out by the addition of 
sodium acetate. After filtration it was suspended in about half 
its weight of ice-cold water, kept for 1 hour at 0°, and then sucked 
and dried on a porous plate to constant weight, first at 0° and 
then at room temperature. The salt was stored in the refrigerator. 

Ammonium Rhodanilate—The salt was prepared as described 
previously (2). The product was then dissolved in cold methyl 
alcohol and, after addition of charcoal, filtered through a fluted 
filter. Ice water was added in several portions to the cooled 
filtrate. After filtration and washing with ice water, the re- 
crystallization was repeated. The reagent was dried, protected 
from direct light on a porous plate, and stored in the refrigerator. 

Determination of Glycine, l-Alanine, l-Leucine, and |-Proline 
As Diorpyridates—As illustrative of the general case, the precipi- 
tation of /-proline with sodium dioxpyridate may be described in 
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detail. 5.744 gm. of l-proline were dissolved in N HCI to a volume 
of 250 ce. To two 75 ce. portions of this solution were added 4.000 
and 6.000 gm. of sodium dioxpyridate. The samples were first 
kept, in tightly stoppered flasks, at room temperature (22°) for 2 
hours with shaking and then for 2 days at exactly 0° with frequent 
shaking. The precipitates were collected at O° on weighed 
crucibles with sintered glass filter plates. The crucibles were 
dried in air at room temperature for 24 hours and then over CaCl, 
and NaOH to constant weight. 

The data of this and other determinations will be found in 
Table I. There is also included an estimation of proline in pres- 
ence of glycine and of leucine in presence of proline. In both 
determinations the purity of the precipitates was checked by 
amino nitrogen determinations. In the determination of proline 
the precipitate contained no amino nitrogen. 

Determination of Proline As Rhodanilate—2.357 gm. of l-proline 
were dissolved in 75 ec. of N HCl and made up to a volume of 1 
liter with water. The solution was cooled to 0°. Two cooled 
205 cc. samples, each containing 483 mg. of proline, were then 
added to cooled solutions of 2.200 and 2.600 gm. samples of am- 
monium rhodanilate, each dissolved in 135 cc. of methanol. The 
mixtures were kept at exactly 0° for 16 hours, shaken at the same 
temperature for 4 hours, and again kept at 0° for 20 hours. The 
precipitates formed were collected at 0° on weighed crucibles with 
a sintered glass filter plate, each washed rapidly with 30 cc. of 
ice-cold water, and dried first in air and then over CaCl, to con- 
stant weight. The data from this experiment are found in Table I. 

Preparation of Protein Hydrolysates—Protein hydrolysates pre- 
pared for constituent analysis by acid hydrolysis in the established 
manner cannot be employed for determination with the solubility 
method. The dark, colloidal decomposition products contained 
in such hydrolysates may inhibit the formation of precipitates in 
some cases, and in others the precipitates are highly contaminated. 
It is essential, therefore, to remove the decomposition products 
from the hydrolysate before attempting any analysis by the solu- 
bility method. It has been found that this may easily be accom- 
plished by adding to the hydrolysate some pure Cu(OH), and 
reprecipitating the copper with H,S. The procedure has been 
successfully applied to hydrolysates of several proteins. The loss 
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of amino acids, as measured by the determination of amino nitro- 
gen, did not exceed 1.5 per cent and was, in most cases, negligible. 
The solutions resulting from this treatment have only a brownish 
yellow color and are optically clear. 

Preparation of Collagen of Cattle Achilles Tendon—Cattle 
Achilles tendon was obtained in a fresh state from the slaughter- 
house. The portion used was a strip extending 4 to 6 inches up 
the leg from the bifurcation at the hoof. Adhering fat and meat 
were removed, and the material was hashed by freezing with dry 
ice and passing through a grain grinder with large quantities of 
dry ice. In this manner the material remained frozen throughout 
the grinding process. The collagen was extracted at 0° for 2 
weeks, with 10 per cent saline that was changed daily. The 
collagen was then successively extracted at 0° with m/15 NasHPO, 
for 3 days, with water until the extract gave a negative chloride 
test, and finally with ether for 2 weeks. The purified material 
was stored, still wet, at 0° with addition of toluene. A sample of 
this collagen was dried for 24 hours at 100° over P2Os. 


1,182 gm. yielded 0.2191 gm. N, or 18.6% 
1.351 “ ** 0.003 “ ash as sulfate, or 0.22% 


Determination of Glycine in Gelatin and Collagen—The deter- ' 
mination of glycine with potassium trioxalatochromiate (7) does 
not lend itself to an evaluation from the point of view of the solu- 
bility product. The glycine compound precipitated contains 
glycine, potassium, and trioxalatochromiato ions in a rather com- 
plex ratio, rendering useless any mathematical treatment. It is 
possible, however, to apply to the glycine determination one of 
the checks worked out for the solubility method. By performing 
two comparative estimations, one with a certain amount of hy- 
drolysate and the second with a smaller amount of hydrolysate 
to which is added a glycine solution of known content, one can 
detect in the determination any error exceeding 5 per cent... We 
feel justified, therefore, in accepting the results obtained with 
potassium trioxalatochromiate. 

One precaution should be observed when potassium trioxalato- 
chromiate is applied to the determination of glycine in protein 
hydrolysates. While the reagent has never been observed to 
precipitate any other natural amino acid except glycine, it does 
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precipitate ammonia, The glycine content of the precipitate 
cannot, therefore, always be estimated solely by a determination 
of amino nitrogen. If considerable quantities of ammonia are 
present in the hydrolysate, part of it passes into the precipitate 
obtained with potassium trioxalatochromiate. The glycine con- 
tent of this precipitate can be found by subtracting the ammonium 
nitrogen content of the precipitate from its total nitrogen content. 
The data from a series of determinations performed in this manner 
are found in Table II. 

Determination of Proline in Gelatin and Collagen—50 cc. of a 
hydrolysate of pig skin gelatin (corresponding to 9.02 gm. of dry, 
ash-free protein) were mixed with 120 ec. of N HCl and the volume 
was made up with water to 1 liter. Three 275 cc. aliquots, each 
containing 2.48 gm. of protein, were added to solutions of 1.695, 
2.001, and 2.301 gm. of ammonium rhodanilate, each dissolved 
in 175 cc. of methanol. The solutions were handled and the 
precipitates collected in the manner already described for the 
determination of pure proline, with the exception that these 
precipitates were not washed with water. The precipitates of 
l-proline rhodanilate weighed 1.283, 1.488, and 1.646 gm. The 
purity, determined by optical rotation, as described in the follow- 
ing paragraph, was 97.2, 96.9, and 96.7 per cent of the theory. 
From these data one may calculate, with the aid of Equation 2, 
the three values 442, 436, and 431 mg. for the /-proline content of 
the protein solutions used. The average, 436 mg., corresponds 
to 17.6 per cent of l-proline in pig skin gelatin. The results of 
all the determinations performed with varying amounts or concen- 
trations of protein hydrolysate and with addition of proline are 
reported in Table III. 

The purity of proline rhodanilate precipitates obtained in these 
determinations cannot be estimated accurately by elementary 
analysis alone. A more sensitive method has therefore been 
developed. Use was made of the fact that /-proline has a dis- 
tinctively high negative rotation. The procedure was as follows: 

A 300 mg. sample of a proline rhodanilate, the purity of which 
was to be ascertained, was shaken for } hour at room temperature 
with 1 ec. of glacial acetic acid and 0.15 cc. of dimethylaniline in 
a tared, stoppered flask. Then 2 cc. of water were added, the 
flask and contents were weighed and shaken vigorously, and the 
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precipitated dimethylaniline rhodanilate was removed by filtra- 
tion. The filtration was carried out under a difference in pressure 
of 6 mm. of Hg, with the use of the apparatus portrayed in Fig. 2. 
To the filtrate, which at this péint was still colored, a few mg. of 
charcoal were added. The solution was then filtered again in 
the same way through a dry filter. The optical rotation of the 
filtrate was determined in a 1 dm. tube. 

As a reference standard, pure proline rhodanilate was subjected 
to this procedure. 300 mg. of substance in 3.19 gm. of solvents 
gave a (1 dm.) = —1.52° (average of eight determinations). 


ie 
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Fic. 2. Filter used in the decomposition of proline rhodanilate. A 
disk of hardened filter paper is inserted between the two halves of the filter, 
which are then clamped together by springs attached to the glass arms on 
either side. 


In the calculation of the proline content of a proline rho- 
danilate sample obtained from the analytical procedures described, 
the following formula was used. 


a X S X 300 X 57 
—1.52° X3.19X R 





Pp 


where p = proline present (in mg.) 
a = observed rotation (in degrees) 
S = total weight of solvents (acetic acid, dimethylaniline, water, 
in gm.) 
weight of sample of proline rhodanilate in mg. 
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300 mg. of pure proline rhodanilate correspond to 57.0 mg. of 
proline. The proline content of rhodanilate precipitates obtained 
in the course of analyses by the solubility method should closely 
correspond to this value. Determinations of the proline content 
of mixtures of proline rhodanilate and ammonium rhodanilate 
of known proportions indicated that the above procedure yields 
results accurate to +1.5 per cent. 
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SULFHYDRYL GROUPS IN PROTEINS 


II. EDESTIN, EXCELSIN, AND GLOBIN IN SOLUTIONS OF GUANI- 
DINE HYDROCHLORIDE, UREA, AND THEIR DERIVATIVES 


By JESSE P. GREENSTEIN 
(From the Department of Physical Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, January 19, 1939) 


Egg albumin in the native, unaltered state, does not give tests 
characteristic of sulfhydryl groups. When, however, this protein 
is treated in any one of several ways, such as by heat (8, 9, 17), 
ultraviolet irradiation (10), shaking (10), or by solution in urea or 
other amides (7), free sulfhydryl groups make their appearance. 
The amount of free —SH groups appearing in egg albumin through 
the action of urea, guanidine hydrochloride, and their derivatives 
has been estimated (6). Considerable differences in the number 
of such groups liberated, which depend on the nature and the 
concentration of the reagent used, were noted. 

The investigation of these groups has been extended to a number 
of proteins whose molecular weights have been reported to be 
smaller in urea solutions than in water. The three seed globulins, 
edestin, excelsin, and amandin, have practically the same molecu- 
lar weight in water (4, 5, 15, 16). Their molecular weights in 4 m 
urea are also almost the same (4), but are reported to be only one- 
eighth as great asin water. Burk and Greenberg (5) showed that 
the molecular weight of horse hemoglobin in urea solution was 
34,000, a value just half the molecular weight of this protein in 
water. The results of these investigators were confirmed by Wu 
and Yang (18) and by Steinhardt (14), the latter showing further 
that the molecular weight in acetamide solutions was comparable 
to that in urea. 

It has been suggested that the difference in the molecular weights 
of certain proteins in water and in urea is due in part to a scission 
of the S—S linkages of the protein in the latter solvent with the 
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subsequent appearance of —SH groups (4).' It seemed desirable, 
therefore, to study these groups in proteins dissolved in this and 


related solvents. 
EXPERIMENTAL 


Preparation of Proteins—Edestin was prepared from ground 
hemp seed by the method of Svedberg and Sjégren (16). Five 
different preparations were employed. The protein was dissolved 
in several concentrations in 10 per cent sodium chloride solution. 
The concentrations of protein were estimated by nitrogen analyses, 
assuming Bailey’s value of 18.4 for edestin nitrogen (3). Excelsin 
was prepared from Brazil nuts by a slight modification of the 
method of Burk (4). Three different preparations were used. 
Like edestin, the protein was dissolved in varying concentrations 
in 10 per cent sodium chloride. The concentrations of protein 
were estimated, assuming Osborne’s value of 18.3 per cent nitrogen 
(12). Amandin was prepared from ground almonds according 
to the method of Burk (4) and dissolved in 10 per cent sodium 
chloride. Osborne’s value of 19.3 per cent nitrogen for this 
protein was used to estimate the concentration (12). 

Globin was prepared from denatured horse globin by the method 
of Anson and Mirsky (1).2. The solution of globin, during the 
dialysis from ammonium sulfate, deposited a copious precipitate 
of denatured material. The filtered solution, containing native 
globin, amounted to 3.70 per cent in concentration from both 
nitrogen analyses (16.9 per cent for globin N) and dry weight 
determinations. Studies were made on fresh solutions, because 
the denaturation of this protein, under most conditions, is fairly 
rapid. 

Estimation of —SH Groups— A convenient method for the esti- 
mation of protein —SH groups consists in titrating the protein with 
porphyrindin, a method first introduced by Kuhn and Desnuelle 
(8). This dye is a powerful oxidizing agent and reacts rapidly and 


1 It has been shown that none of the reagents such as urea and guanidine 
hydrochloride, which act on certain proteins in such a way that —SH 
groups appear, has any effect on the following complex peptides of cystine: 
cystinyleystine, bisanhydrocystinylcystine, cystinyldidiglycine, and cys- 
tinyldiglycine (6). 

? Wu and Yang (18) have shown that the globins of various species have 
the same properties in urea as the parent hemoglobins. 
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stoichiometrically with sulfhydryl groups at a neutral reaction and 
at room temperature. When the dye is added to an aqueous 
solution of egg albumin (6), edestin, excelsin, amandin, or globin, 
no apparent reduction occurs. When, however, these proteins, 
with the exception of amandin, are dissolved in solutions of urea, 
guanidine hydrochloride, and some of their derivatives, free —SH 
groups appear, and a certain amount of the dye added to such 
solutions becomes reduced to the colorless leuco form (6).* For 
convenience, the amount of dye reduced by the protein is expressed 
in terms of its equivalent of cysteine per 100 gm. of protein (6, 8). 

The titrations were conducted by adding to the solution of 
protein in urea, guanidine hydrochloride, and to their derivatives, a 
solution of the porphyrindin dye until a negative nitroprusside 
reaction was obtained. All determinations were performed in 
sextuplicate. The temperature was 30°. Before and after 
every series of measurements, the dye was titrated against a 
standard cysteine solution (6). For the studies with the seed 
globulins in 10 per cent sodium chloride solution the dye was 
used at a lower concentration than in the studies with globin, 
which were conducted in water. The lower concentration of 
dye in the former case was employed partly because of its 
lower solubility in salt solution, and partly because of the 
relatively small number of sulfhydryl groups which appeared in 
these proteins. 

The first experiments were concerned with studying the effect 
of urea and guanidine hydrochloride in equimolar amounts on 
different concentrations of the proteins. No effect whatever of 
these reagents was found with amandin. Neither the preparation 
of amandin made in this laboratory, nor one which had been made 
by T. B. Osborne, gave a sulfhydryl reaction in either urea or 
guanidine hydrochloride. The fact that no reduction of the 
porphyrindin dye occurred with this protein in solutions of urea 
and guanidine hydrochloride indicated that the dye was unaffected 


* The presence of free sulfydry] groups in the protein can be followed by 
a positive nitroprusside reaction. After the addition of a sufficient amount 
of dye to the protein, this reaction becomes negative. 

‘TI am greatly indebted to Dr. Vickery for an Osborne preparation of 
amandin and to Dr. Hitchcock for a sample of edestin. 
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by any groups other than sulfhydryl (11), which may have been 
liberated by the reagents.’ The results on edestin, excelsin, 
amandin, and globin are reported in Table I, expressed as cysteine 
per 100 gm. of protein. 

Edestin, excelsin, and globin were further investigated in solu- 
tions of varying concentration of guanidine hydrochloride. The 


Taste [ 
Effect of Varying Concentrations of Proteins 
In each determination 2.0 cc. of protein solution were used. The urea 
added was 2.0 gm.; the guanidine hydrochloride added was 3.2 gm. In 
edestin, excelsin, and amandin solutions the dye was used in 1.16 X 10°? 
concentration (0.0325 per cent) in 10 per cent NaCl; in the globin solutions 
the dye was used in 2.32 X 10-* m concentration (0.065 per cent) in water. 











Per cent Dye Cysteine 
. | protein in - - . 

— | —— | a, Guanidine ens Guanidine 

| mae X 104 mu X 104 | percent per cent 

Edestin 0.98 2.66 4.17 0.32 0.50 
| 1.47 4.17 6.42 0.34 0.51 

| 1.69 4.75 7.29 0.35 0.50 

| 1.96 | 5.33 8.34 0.32 0.50 

| 2.45 | 6.95 10.42 0.34 0.51 

Excelsin 5.30 3.59 7.54 0.08 0.17 
8.20 5.09 12.74 0.07 0.17 

10.90 | 7.07 14.48 0.08 0.16 

| 11.00 6.40 15.18 0.07 0.16 

Amandin | 10.50 | <0.07 <0.07 | <0.01 <0.01 
Globin 1.85 | 2.71 | § 0.19 0.56 
2.77 | 4.06 12.18 0.19 0.56 

| 3.70 | 5.42 16.26 0.19 0.56 


very strong effect of this reagent is revealed in Table II, the results 
being comparable to those obtained on egg albumin (6). 

In Table III is described the effect of various derivatives of 
urea and guanidine hydrochloride on the proteins. For compari- 
son, the data on egg albumin (6) are included. All the reagents 
were used in equimolar concentrations. 


5 In the dried, solid state, the dye appears to be quite stable. Material 
which had stood for several months at room temperature showed no loss 
in titer in fresh solution. 
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Taste II 


Effect of Varying Concentrations of Guanidine Hydrochloride on Edestin, 
Excelsin, and Globin 


Edestin was employed in 1.96 per cent solution, excelsin in 8.20 per cent, 
and globin in 3.70 per cent. In each test 2.0 cc. of protein solution were 
used. In edestin and excelsin solutions the dye was used in 1.16 X 107? a 
concentration (0.0325 per cent) in 10 per cent NaCl; in the globin solutions 
the dye was used in 2.32 XK 10-* m concentration (0.065 per cent) in water. 








Guanidine Edestin Excelsin Globin 
Cc = “ 
added Dye Cysteine Dye Cysteine Dye Cysteine 
on. mu X 104 per cent mM x 108 per cent meu xX 104 per cent 
0.2 0.0 0 0.0 0 0.0 0 
0.4 2.32 0.14 3.48 0.05 4.18 0.14 
0.8 8.11 0.50 12.76 0.18 16.72 0.56 
1.2 8.11 0.50 12.76 0.18 16.72 0.56 
1.6 8.11 0.50 12.76 0.18 16.72 0.56 
2.0 8.11 0.50 12.76 0.18 16.72 0.56 
2.4 8.11 0.50 12.76 0.18 16.72 0.56 
2.8 8.11 0.50 12.76 | 0.18 | 16.72 0.56 
3.2 8.11 0.50 12.76 0.18 | 16.72 0.56 
Taste III 


Effect of Urea, Guanidine Hydrochloride, and Their Derivatives on Proteins 
The concentration of the protein solutions was as follows: egg albumin 
5.45 per cent, edestin 2.45 per cent, excelsin 8.2 per cent, and globin 3.70 

per cent. 





Amount 


of reagent Cysteine 
added 
Reagent perce, |-— 
protein Eee | Edestin | Excelsin Globin 


solution | albumin 


gm per cent | per cont per cent . per cent 
Urea........ ee 1.00 | 0.34 0.07 0.19 
1.23 





N-Methylurea.............. | 1.02  <0.03 | <0.01 <0.03 
0-Methylisourea hydrochlo- 

SIN debe scesaesceed 1.84 | 1.05 0.17 <0.01 | <0.03 
Guanidine hydrochloride... 1.60 | 1.20 0.51 0.18 0.56 
Methylguanidine hydrochlo- | 

— Ss Oe eee a 1.19; 0.16 0.07 0.56 
as-Dimethylguanidine hydro- | 

Bod rcics owes ofa vii 2.00 0.75 | <0.03 | <0.01 | <0.03 


Acetamide....... Locceseeees| 1.0 | <0.05 | <0.03 | <0.01 | <0.03 
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DISCUSSION 


As in egg albumin, the proportion of sulfhydryl groups liberated 
in edestin, excelsin, and globin is apparently independent of the 
protein concentration (Table I). The behavior of edestin, excel- 
sin, and globin toward varying concentrations of guanidine 
hydrochloride (Table II) is also strikingly similar to that of egg 
albumin (6) in that guanidine hydrochloride reaches its maximum 
effect at a comparatively low concentration. 

The comparison of the effects of various derivatives of urea 
and of guanidine hydrochloride in Table III reveals not only the 
uniformly stronger action of guanidine hydrochloride over urea 
for all of the proteins studied, but also the relatively weak action 
of the methylated ureas on edestin, excelsin, and globin. In egg 
albumin, on the other hand, the methylated ureas are as effective 
as the parent substance. Methylguanidine hydrochloride exerts a 
weak effect on edestin and excelsin, but in globin, as in egg albu- 
min, its action is equal to that of guanidine hydrochloride itself. 
Dimethylguanidine hydrochloride and acetamide have little or no 
effect on edestin, excelsin, or globin. 

Osborne’s early investigations on the analytical data for edestin 
if and excelsin led to a value for the molecular weight of the former of 





14,523 and for the latter of 14,738, or some multiple of these (12). 
Osborne’s value (12) as well as that of Zahnd and Clarke (19) for 
the alkali-labile sulfur in edestin is 0.35 per cent. The alkali- 
f labile sulfur in excelsin is also 0.35 per cent (12). These results 
i lead to the assumption of 3 atoms of alkali-labile sulfur in each 
4 protein of molecular weight between 28,000 and 29,000.° 
When edestin is dissolved in solutions of guanidine hydro- 
chloride, 0.51 per cent cysteine appears (Table III). On the basis 
of a molecular weight of 28,000, this amounts to 1 mole of cysteine 
per mole of protein. In excelsin dissolved in guanidine hydro- 
chloride, the cysteine which appears amounts to 0.17 per cent. 
On the basis of a molecular weight of 28,000, this amounts to 0.3 
mole of cysteine per mole of protein, or better, 1 mole of cysteine 
per mole of protein of molecular weight 84,000. Under similar 


i 
i. 


*Amandin, according to Osborne, has 0.22 per cent of alkali-labile 
sulfur (12). On the basis of a molecular weight of 28,000 to 29,000 (12), 
there would appear to be 2 atoms of alkali-labile sulfur per mole of protein. 
It is probable that all the alkali-labile sulfur of this protein belongs to 


cystine. 
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conditions, therefore, the cysteine which appears in guanidine 
hydrochloride solutions of edestin amounts to 3 times that which 
appears in excelsin. 

Schulz reported for horse globin a value of 0.20 per cent for the 
alkali-labile sulfur (13). On the basis of a molecular weight for 
globin of approximately 66,000, there would appear to be 4 atoms 
of alkali-labile sulfur per mole of protein. When this protein is 
dissolved in guanidine hydrochloride solutions, there appears 
0.56 per cent cysteine, or 3 moles of cysteine per mole of protein.’ 

To summarize the results obtained thus far on the proteins in 
guanidine hydrochloride solutions: in equal concentrations of this 
reagent, the cysteine determined amounts in egg albumin to two-thirds, 
in edestin to one-third, in excelsin to one-ninth, and in globin to 
three-fourths of the alkali-labile sudfur. 

Although the molecular weights in urea of edestin, excelsin, and 
amandin appear to be very nearly the same (4), the proportion of 
cysteine which appears in the three proteins is very different 
(Table I). Hemoglobin has the same molecular weight in either 
urea or in acetamide, namely half that found in water (14); in 
globin, however, cysteine appears in urea, not in acetamide. It 
seems, therefore, that no obvious relation exists between the 
differences of molecular weight in different solvents and the ap- 
pearance of sulfhydryl groups. The latter in all probability exist 
as part of the cysteine residues within the native protein, and do 
not owe their origin to scission of disulfide linkages. 

It is evident that the present results may have broad implica- 
tions for the problem of protein denaturation. The number of 
sulfhydryl groups liberated, which may be taken as a measure of 
the change in protein configuration, is clearly different according 
to the nature and the concentration of the individual denaturing 
agent. Further studies of the effect of urea, guanidine hydro- 
chloride, and their derivatives on other properties of the proteins 
are at present under way. 


SUMMARY 


1. Edestin, excelsin, amandin, and globin in aqueous solution 
do not give tests characteristic of sulfhydryl groups. When these 


7 Anson and Mirsky (2) found the cysteine content of acid-acetone globin 
to be 0.38 per cent. This amount of cysteine is equivalent to 2 moles per 
mole of protein. 
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proteins, with the exception of amandin, are treated with urea, 
guanidine hydrochloride, and certain of their derivatives, free 
sulfhydryl groups appear. The estimation of these groups is 
accomplished by the use of the porphyrindin dye. The results are 
expressed in terms of cysteine. 

2. The proportion of cysteine which appears is independent of 
the protein concentration. Guanidine hydrochloride exerts the 
strongest action of all the reagents studied, and reaches its maxi- 
mum effect at a comparatively low concentration. The methyl- 
ated ureas as well as methylguanidine hydrochloride have a weak 
effect on edestin and excelsin. In globin, methylguanidine 
hydrochloride is as effective as the parent substance. Dimethyl- 
guanidine hydrochloride and acetamide have little or no effect on 
edestin, excelsin, and globin. * 

3. The relation of the cysteine which appears in solutions of 
guanidine hydrochloride to the alkali-labile sulfur of the proteins 
r has been considered. 
th 4. There does not appear to be any correlation between the 
te differences in molecular weight of these proteins in water and in 
solutions of certain amides and the amount of cysteine which may 
appear in the latter solvents. 





ee ee ee ee 





Se 


e 7” 





BIBLIOGRAPHY 


. Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 13, 471 (1929-30). 
. Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 19, 439 (1935-36). 
. Bailey, K., Biochem. J., 31, 1396 (1937). 
. Burk, N. F., J. Biol. Chem., 120, 63 (1937). 
. Burk, N. F., and Greenberg, D. M., J. Biol. Chem., 87, 197 (1930). 
Greenstein, J. P., J. Biol. Chem., 126, 501 (1938). 
. Hopkins, F. G., Nature, 126, 328, 383 (1930). 
. Kuhn, R., and Desnuelle, P., Z. physiol. Chem., 261, 14 (1938). 
. Mirsky, A. E., and Anson, M. L., J. Gen. Physiol., 18, 307 (1935-36). 
10. Mirsky, A. E., and Anson, M. L., J. Gen. Physiol., 19, 427 (1935-36). 
11. Mirsky, A. E., and Anson, M. L., J. Gen. Physiol., 19, 451 (1935-36). 
12. Osborne, T. B., J. Am. Chem. Soc., 24, 39, 140 (1902). 
13. Schulz, F. N., Z. physiol. Chem., 26, 16 (1898). 
14. Steinhardt, J., J. Biol. Chem., 123, 543 (1938). 
15. Svedberg, T., Chem. Rev., 20, 81 (1937). 
16. Svedberg, T., and Sjégren, B., J. Am. Chm. Soc., 62, 279 (1930). 
17. Todrick, A., and Walker, E., Biochem. J., 31, 292 (1937). 
b 18. Wu, H., and Yang, E.-F., Chinese J. Physiol., 6, 51 (1932). 
; 19. Zahnd, H., and Clarke, H. T., J. Biol. Chem., 102, 171 (1933). 








CONAnkwn 








oneal 


he 
in 














STUDIES OF MULTIVALENT AMINO ACIDS AND 
PEPTIDES 


XI. THE SYNTHESIS OF DIGLYCYL-I-CYSTINE 
By JESSE P. GREENSTEIN 


(From the Department of Physical Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, January 19, 1939) 


In a previous communication, the use of cystinyldidiglycine and 
cystinyldiglycine as substrates respectively for aminopolypepti- 
dase and dipeptidase was described (3). An important advantage 
in the use of these molecules lay in the fact that /-cystine crystal- 
lized out of the enzyme mixture during the hydrolysis, while the 
peptide itself remained in solution. In both of these peptides, the 
cystine component carried the free amino groups. It was thought 
desirable to study the effect of the peptidases on a soluble cystine 
peptide in which the cystine component carried the free carboxy] 
groups. Diglycyl-l-cystine was therefore synthesized and ob- 
tained in the form of long, prismatic crystals. This substance was 
incubated with an extract of crude erepsin and with carboxypepti- 
dase. The former enzyme rapidly hydrolyzed the peptide; the 
latter had no apparent effect. 


EXPERIMENTAL 


Dicarbobenzoryglycyl-l-Cystine—25.2 gm. of carbobenzoxyglycine 
(1) were converted to the acid chloride by shaking in dry ethyl 
ether with 26.8 gm. of pulverized phosphorus pentachloride. The 
ether solution was rapidly condensed in vacuo and the residual 
syrup washed three times with chilled petroleum ether. The syrup 
was then taken up in a little dry ethyl ether and added in four 
portions with shaking to a cooled solution of 25 gm. of l-cystine 
in 300 cc. of 1N KOH. The mixture was extracted with ether and 


1 Fischer and Suzuki (2) described an amorphous preparation of diglycy!- 
cystine which had no constant melting point. 


241 














Pre eae Pee Be : 





242 Amino Acids and Peptides. XI 


acidified to a Congo blue reaction with 5n HCl. A syrup appeared 
which was immediately taken up in ethyl acetate. The ethyl 
acetate solution was twice washed with very dilute HCI and then 
once with water, dried for a few minutes over anhydrous sodium 
sulfate, and evaporated in vacuo to about a third of the original 
volume. On chilling overnight, a copious crystallization of the 
coupling product occurred in the form of needles. M. p. 142°. 
The yield amounted to 15 gm. 


CosHyo0,0N 8, (622). Calculated, N 9.0, S 10.3; found, N 8.9, 8 10.1 


Diglycyl-l-Cystine—25 gm. of the coupling product were dis- 
solved in 250 cc. of liquid ammonia (4). The solution was treated 
with small pieces of metallic sodium with stirring until a blue color 
appeared. After the ammonia had been allowed to evaporate off 
spontaneously, the container was evacuated at the water pump 
for several hours. The residue was taken up in cold water and 
treated with dilute sulfuric acid until the reaction was slightly 
acid to litmus. Mercuric sulfate reagent was added to precipitate 
the peptide. The mercury salt was washed with water several 
times at the centrifuge, decomposed with hydrogen sulfide, and 
the precipitation procedure with mercuric sulfate repeated. The 
final solution was treated with a concentrated baryta solution until 
slightly alkaline, and the barium sulfate removed at the centrifuge. 
A few crystals of iron oxide were added to the solution and air was 
bubbled through until a negative nitroprusside reaction was 
attained. The solution was then treated with norit, quantita- 
tively freed of barium by the addition of dilute sulfuric acid, and 
evaporated in vacuo almost to dryness. Addition of alcohol to the 
concentrate caused the precipitation of the oxidized peptide as a 
gelatinous mass. The latter was taken up several times in cold 
water and precipitated each time as a gelatinous mass with ethanol. 
Crystallization of the peptide was finally accomplished by heating 
the freshly precipitated mass, which still enclosed a good deal of 
alcohol, with a very small amount of water. Soon after the solid 
dissolved, the peptide began to crystallize from the hot solution in 
the form of long prisms. The mixture was chilled for several 
hours, and the peptide filtered off and washed with alcohol and 
ether. Yield 8 gm. M. p. 232° with decomposition. 

The peptide was quite soluble in water. It crystallized with 1 
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molecule of water. 50 mg. heated at 78° and 1 mm. for 6 hours 
lost 2.4 mg. in weight; calculated for 1 molecule of water, 4.8 per 
cent; found 4.8 per cent. 

[a]2* = —108° for a 0.75 per cent solution of the peptide in 1 N 
HCl. 150 mg. of the peptide in 10 cc. of 2~ HCl were boiled under 
the reflux for 2 hours. 65 mg. of l-cystine were recovered from 
the hydrolysis mixture. The amino acid possessed an [a]** = 
— 215° for a 0.65 per cent solution in 1 nN HCl. Little if any race- 
mization had apparently occurred during the synthesis of the 


peptide. 


CioHi1s0.N.8: + 1 HO (372). 
Calculated. C 32.2, H 5.3, N 15.0, 8 17.2 
Found. ‘Rea oe” an” oe 


Effect of Peptidases—50 mg. of the peptide in 10 cc. of solution, 
incubated at pH 7.0 and at 30° with a glycerol extract of swine 
intestinal mucosa, were hydrolyzed after 18 hours to 92 per cent. 
After 1 hour the/-cystine began to separate in the form of hexagonal 
plates. The cystine was finally filtered off and estimated as before 
(3). [a] for the amino acid was —212°. A similar solution of the 
peptide, incubated with a carboxypeptidase preparation (3), 
showed no hydrolysis whatever under conditions whereby an 
equivalent amount of chloroacetyl-l-tyrosine was hydrolyzed to 
83 per cent. 


SUMMARY 


The synthesis of crystalline diglycyl-l-cystine has been described. 
The peptide is rapidly hydrolyzed by intestinal erepsin, with the 
simultaneous crystallization from the mixture of hexagonal plates 
of l-cystine. Carboxypeptidase has no apparent effect on the 
molecule. 
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ASPARTYLHISTIDINE 


By JESSE P. GREENSTEIN ann FRIEDRICH W. KLEMPERER 


(From the Departments of Physical Chemistry and of Biological Chemistry, 
Harvard Medical School, Boston) 


(Received for publication, January 19, 1939) 


The peptides are of particular interest because of their inter- 
mediate position between the amino acids and the proteins. The 
study of the properties of the more complex peptides may be 
regarded as revealing certain of the properties of the proteins. In 
order to study peptides containing several free dissociating groups, 
a number of tetravalent amino acids and peptides have been 
synthesized (2, 4, 5-7). 

Amino acids and peptides with two positively and two nega- 
tively charged groups may be classified according to the spatial 
relations of these groups. If we assign + to represent a positively 
charged group, and — a negatively charged group, lysylglutamic 
acid is expressed as ++— — (2, 4,8). Cystinyldiglycine (5, 7, 
12) and cystinyldidiglycine (5, 7) are represented by — ++ —. 
On the other hand, ¢,e’-diaminodi-(a-thio-n-caproic acid) (5, 7), 
¢,e’-diguanidodi-(a-thio-n-caproic acid) (5, 7), and diglycylceys- 
tine (6) are expressed as + — — +. One type of tetrapolar 
configuration has not been investigated; namely, that in which the 
signs of the electrically charged groups alternate. Accordingly, 
a-aspartylhistidine has been synthesized and is described in the 
present communication. The configuration of this molecule 
according to the above scheme is — + — +. 

Recently du Vigneaud and Hunt (14) have described the prepa- 
ration of 8-aspartylhistidine. Inasmuch as in this molecule the 
amino and carboxyl groups of the asparty! radical are on the same 
carbon atom, its configuration would be represented by + — +. 
Through the generous cooperation of Dr. du Vigneaud, a sample 
of the 8-aspartylhistidine has been made available to us. The 
apparent dissociation constants of the a- and the 8-peptides have 
been measured and compared. The differences in the constants 
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of the two substances were found to be consistent with expectation 
on the basis of their structures.' 


EXPERIMENTAL 


The a-aspartylhistidine was prepared from N-carbobenzoxy-l- 
aspartic acid anhydride (I) which was allowed to condense with an 
excess of d-histidine methyl ester (II) in dry chloroform. Inas- 
much as the condensation product is a dipolar ion, it precipitates 
out immediately from chloroform solution. The product, N-car- 
bobenzoxy-l-aspartyl-d-histidine methyl ester (III) was then 
saponified and the solution was subsequently acidified, whereby 
the crystalline free acid (IV) was formed. On catalytic hydro- 
genation in the presence of palladium, the peptide /-aspartyl-d- 
histidine (V) was obtained. The reactions may be illustrated in 
the accompanying formulas. 








NHCbzo COOCH; 
| | 
CHCO NH.CHCH,C—=CH 
~~ + | me 
oO NH N 
/ \4 
CH,CO CH 
I Ul 
NHCbzo COOCH; NHCbzo COOH 
| | 
CHCONHCHCH,C——=CH CHCONHCHCH,C=—=CH 
| | — | pay - 
CH,COOH NH N CH.COOH NH N 
\ 4 \ 4 
CH CH 
Ill IV 
NH, COOH 


| | 
CHCONH CHCH,C==CH 
| | (Cbzo = OCOCH,C,H,) 
CH,COOH NH N 
\ 4 
CH 
Vv 


1 The 8-peptide of du Vigneaud and Hunt is /-aspartyl-/-histidine (14). 
The a-peptide described in the present paper is /-asparty]-d-histidine. 
The apparent dissociation constants as well as many other physicochemical 
properties of such substances are independent of their optical properties. 
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N-Carbobenzoxry-l-Aspartyl-d-Histidine Methyl Ester (III) 
10.3 gm. of d-histidine methyl ester dihydrochloride were dissolved 
in 125 ec. of hot dry methanol and chilled. To this solution were 
quickly added 29 cc. of 2.74 N sodium methylate and subsequently 
100 cc. of dry ether. After having stood for a few minutes, the 
mixture was filtered through infusorial earth and the clear filtrate 
was evaporated to a syrup im vacuo at room temperature. Traces 
of alcohol were removed by three distillations with dry chloroform. 
The syrup was taken up in 50 cc. of chloroform and filtered through 
norit from a little NaCl. To the chilled filtrate were added 3 gm. 
of N-carbobenzoxy-l-aspartic acid anhydride (1) in small portions 
and with shaking. Almost immediately after the last portion of 
the anhydride had been dissolved, the coupling product separated 
in a gelatinous mass. The mixture was shaken by machine for 
another half hour and was then allowed to stand at room tempera- 
ture overnight. The product was filtered, washed with chloro- 
form, and shaken by machine with ethyl acetate. This treatment 
rendered the material granular. Dried in air, the product weighed 
4.1 gm. The melting point was 95-105° with decomposition. 


CigH22O7N, (418.2). Calculated, N 13.4; found, N 13.2 


N-Carbobenzory-l-Aspartyl-d-H istidine (IV)—4 gm. of the coup- 
ling product were dissolved with shaking in 25 cc. of 1 Nn KOH and 
the solution was allowed to stand for 45 minutes at room tempera- 
ture. It was then filtered and treated with 2 cc. of glacial acetic 
acid. On evaporation and scratching, the solution set to a mass 
of long needles. The crystals were filtered, washed with a little 
ice water, and dried. Yield, 1.7 gm.; m.p. 171°, with decomposi- 
tion. The substance was already sufficiently pure for the next 
step. 

CyisH2O7N, (404.2). Calculated, N 13.9; found, N 13.8 


l-Aspartyl-d-Histidine (V)—1.6 gm. of the substance previously 
described were ground fine and suspended in 50 ec. of water which 
contained a few drops of glacial acetic acid. The mixture was 
then hydrogenated catalytically in the presence of 0.5 gm. of 
palladium. After half an hour all of the material had gone into 
solution, but the shaking was continued for another hour. The 
peptide was recovered from the solution after evaporation in vacuo 
and was recrystallized in the form of long prisms from hot water- 
ethanol. The yield was 1.1 gm. or nearly quantitative. M_p. 
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210°. The substance gave a positive Pauly diazo reaction. Its 
optical rotation was rather small, [a]®° = —6.0° for a 1 per cent 
solution in water. On heating at 78° for 4 hours at 4 mm. pressure, 
the peptide lost 11.5 per cent in weight; calculated for 2 molecules 
of crystal water, 11.7 per cent. 


CywHyOsN, + 2H:0 (306). Calculated. Cc 39.2, H 5.9, N 18.3 
Found. ** 39.0, ** 6.0, * 18.0 


Electrometric Titration of a- and B-Aspartylhistidine—The iso- 
meric peptides were titrated at 38° in 0.1 m KCl with the use of the 
hydrogen electrode. pH determinations were referred to standard 
acetate which has a pH value of 4.65 according to Hitchcock and 
Taylor (10). The calculation of the apparent dissociation con- 
stants followed in general the procedure of Hastings and Van 
Slyke (9). Corrections for hydrogen and hydroxyl ion activities 
were made, with activity coefficients of 0.84 and 0.81 respectively 
(11). A pK, value of 13.55 was determined under the conditions 
of our procedure. 

The constants of these compounds, as well as those of the iso- 
meric a- and §-asparagines reported by Melville and Richardson 
(13) are included in Table I. In the last column the isoelectric 
points for each compound are given. The titration curves of the 
peptides at 38° are represented in Fig. 1; the points are the experi- 
mentally determined values; the curves are calculated from the 
constants given in Table I. 

The apparent dissociation constants may be allocated to the 
various groups of the peptides as follows: pK’; and pK’; represent 
the two carboxyl groups, pK’; the imidazole ring, and pK’, the 
amino group. Inasmuch as pK’, has approximately the same 
value in the a- and the §-aspartylhistidine, it presumably repre- 
sents the dissociation of the carboxyl group of the histidine portion 
of the peptide. On the other hand, since the carboxyl group on 
the aspartyl portion of the peptides is in a different position when 
the peptide is in the a- or in the 8-configuration, its dissociation 
constant might be expected to vary. Since pK’; is distinctly 
different in the two peptides, it may be assumed to represent the 
dissociation of the free aspartyl carboxyl group. This difference 
would be reflected also in the values for the amino group, since 
the latter also belongs to the aspartyl portion of the peptides, and 
i this is indeed the case (Table I). 
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The amino and carboxyl groups of the aspartyl portion of the 
B-peptide are on the same carbon atom. In the a-peptide, these 
same groups are located on contiguous carbon atoms. Exactly 
the same configurations exist, respectively, in §-asparagine and 
a-isoasparagine. The constants found by Melville and Richard- 
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Fic. 1. The titration curves at 38° of the isomeric aspartylhistidines. 
The points are those experimentally determined; the curves are based on 
the constants given in Table I. The crosses refer to the a-peptide, the 
dots to the 8-peptide. 


TaBLe I 
Dissociation Constants for a- and 8-Aspartyl Peptides 


Tem- Isoelec- 
Peptide pera- | pK’; | pK’: | pK’: pK’s tric 
ture | point 
C. 
a-Isoasparagine 25 | 2.97 8.02 | 5.49 
8-Asparagine 25 | 2.02 880 5.41 
a-Aspartylhistidine 38 2.45 | 3.02 6.82 7.98 | 4.92 
8-Aspartylhistidine............. 38 





1.93 2.95 6.93 8.72 4.94 


son (13) for these substances show differences entirely consistent 
with those of the aspartyl peptides. The pK’; values for a-aspar- 
tylhistidine and for a-isoasparagine are both more alkaline; the 
pK’, values, both more acid than the corresponding values re- 
pectively for 8-aspartylhistidine and for B-asparagine (Table 1). 





250 Aspartylhistidine 


The values of pK’; for the imidazole groups in these peptides 
are more alkaline than have been observed previously in molecules 
of this kind (3, 4). This indicates, moreover, that it is possible for 
histidine within the protein molecule to combine with acid well 
above a pH of 7, which must be taken into account in the con- 
sideration of the titration curves of proteins. 


SUMMARY 


1. The neutral tetravalent peptide a-aspartylhistidine has been 
synthesized. In this molecule there is an alternation in the posi- 
tions of the positively and negatively charged groups. 

2. The apparent dissociation constants of the active groups of 
this molecule as well as those of the isomeric 8-aspartylhistidine 
have been measured and compared. The significance of certain 
of the results for the problem of the interpretation of protein 
titration curves is considered. 


BIBLIOGRAPHY 


1. Bergmann, M., and Zervas, L., Ber. chem. Ges., 65, 1192 (1932). 
2. Bergmann, M., Zervas, L., and Greenstein, J. P., Ber. chem. Ges., 66, 
1692 (1932). 

3. Cohn, E. J., Ergebn. Physiol., 33, 781 (1931). 

4. Greenstein, J. P., J. Biol. Chem., 101, 603 (1933). 

5. Greenstein, J. P., J. Biol. Chem., 109, 529 (1935) ; 124, 255 (1938). 

6. Greenstein, J. P., J. Biol. Chem., 128, 241 (1939). 

7. Greenstein, J. P., Klemperer, F. W., and Wyman, J., J. Biol. Chem., 

126, 515 (1938). 
8. Greenstein, J. P., Wyman, J., and Cohn, E. J., J. Am. Chem. Soc., 87, 
637 (1935). 

9. Hastings, A. B., and Van Slyke, D. D., J. Biol. Chem., 58, 269 (1922). 
10. Hitchcock, D. I., and Taylor, A. C., J. Am. Chem. Soc., 60, 2710 (1938). 
11. Lewis, G. N., and Randall, M., Thermodynamics and the free energy 

of chemical substances, New York and London, 382 (1923). 
12. Loring, H. S., and du Vigneaud, V., J. Biol. Chem., 111, 385 (1935). 
13. Melville, J., and Richardson, G. M., Biochem. J., 29, 187 (1935). 
14. du Vigneaud, V., and Hunt, M., J. Biol. Chem., 125, 269 (1938). 











les 


or 
ell 
n- 


en 


Sl- 


of 
ne 
in 
in 


). 
). 
ny 








THE PROMOTING EFFECT OF ALUMINUM, CHROMIUM, 
AND THE RARE EARTHS IN THE SUCCINIC 
DEHYDROGENASE-CYTOCHROME SYSTEM 


By B. L. HORECKER, ELMER STOTZ, anv T. R. HOGNESS 


(From the George Herbert Jones Chemical Laboratory of the 
University of Chicago, Chicago) 


(Received for publication, November 28, 1938) 


In the course of an investigation on the succinic dehydrogenase- 
cytochrome enzyme system, y-aluminum hydroxide was used in 
an attempt to isolate certain of its components. The inconsis- 
tency of the results and the increased total activity obtained by 
this procedure suggested that some important factor was intro- 
duced by this treatment. Studies with such a factor in view 
showed clearly that aluminum ion addition in very small concen- 
trations accelerated the aerobic oxidation of succinate markedly. 
Subsequent studies showed that aluminum is not unique in this 
accelerating property, but that it may be substituted by trivalent 
chromium and certain rare earths but not by ferric ion or by 
divalent ions. However, spectroscopic examination showed that 
of these metals only aluminum was present in the enzyme prepa- 
rations in amounts sufficient to be of any significance. The 
following is a report of these findings. 


EXPERIMENTAL 


After it was determined qualitatively that the addition of alu- 
minum ion, even in as small a concentration as that afforded by 
a saturated aluminum hydroxide solution, accelerated the rate of 
oxygen uptake in a succinic dehydrogenase-cytochrome system, 
a systematic series of quantitative studies was made. 

The experiments were carried out at 38° in Warburg Erlenmeyer 
flasks. The substrate, 0.3 cc. of 0.2 m succinic acid previously 
neutralized with NaOH, was added to the side arms. 0.1 cc. of 
cytochrome C and 1.0 ec. of 0.1 mM phosphate buffer (pH 7.15) 
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were added to each flask. Pure cytochrome C was prepared 
according to Keilin and Hartree (1) and was found by spectro- 
photometric analysis to contain 9.1 X 10->mmM perce. The total 
volume of reactants was always 3.3 cc. To prevent possible de- 
naturation of the enzyme, the unbuffered aluminum chloride 
solution was always added last. The enzyme used was prepared 
by extracting washed minced beef heart muscle with alkaline 
phosphate according to a modification of the method of Stotz 
and Hastings (2) in which the alternate washings with warm 
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Fic. 1, The effect of increasing aluminum concentration on the rate of 
oxygen uptake of the succinic dehydrogenase-cytochrome C system. 
T = 38°, pH 7.15, succinate 0.06 mm total, cytochrome C 9.1 K 10-* mu 
total, 0.1 cc. of enzyme. 


water were omitted. In most cases this crude preparation was 
twice precipitated with 0.2 m acetate buffer of pH 4.5 and re- 
suspended in phosphate buffer of pH 7.15. Unless otherwise 
specified, this will be the enzyme preparation referred to in all 
the following experiments. 

With increasing concentrations of aluminum, the acceleration 
of succinate oxidation increased and approached a maximum 
value. A typical determination of this kind is shown in Fig. 1. 
By extrapolating the curve in Fig. 1 to zero activity (dotted line) 
it should be possible to estimate the aluminum concentration 
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in the original enzyme preparation, assuming the aluminum was 
necessary to the system. This estimated value (1.5 micrograms 
per 0.1 cc.) was then compared with the spectrographically deter- 
mined value for aluminum in an enzyme preparation and was 
found to be the same, within 50 per cent error. Chromium was 
found present in very much smaller concentrations, less than 
0.10 microgram per 0.1 cc. We wish to express our appreciation 
to Professor W. C. Pierce for his cooperation in making these 
analyses. 


TABLE I 
Activation by Various Metal lons 
T = 38°, succinate 0.06 mm total, pH 7.15, cytochrome C 9.1 K 10°* mu 
total, enzyme 0.1 cc. 


Metal added Amount of meta! ion (total) Velocity Increase 
; c.mm, O+ per hr. per cent 
None ; 0.0 69.9 
AIC];..... 83.0 mu X 10° 124.2 77.7 
CrCl;.. ' 40.0 “ x 10° 183.0 162.0 
NdCl,*.... 100 micrograms salt 123.9 77.4 
La(NO;)3* 100 “§ “ 149.4 114.0 
NaSm(S0O,).* 100 “ = 145.4 115.0 
None..... 0.0 62.5 
Mg (C,H;0,), 25.0 mm X 10° 67.4 
Mn(NQO;),.... 2G SX wee 39.1 
ZnSO,... me DA “.% 0.0 
None ae 0.0 113.5 


FeCl; 40.0 mm X 10-5 99.0 





* The rare earth salts had a purity of 90 to 99 per cent. The impurities 
consisted of salts of other members of the rare earth group. 


To determine whether aluminum was unique in possessing this 
accelerating property, the effect of the addition of various other 
salts was determined. As shown in Table I only the trivalent 
ions were effective. The exception in the case of ferric ion might 
be accounted for by the extreme insolubility of the hydroxide 
(pH of the reaction mixture = 7.15). Chromium was found to 
be more effective than aluminum, while zine inhibited completely. 
A study with varying concentrations of chromium gave results 
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similar to those obtained with aluminum (Fig. 1) except that 
chromium was in general about twice as active, mole for mole, 
and also gave a maximum which was twice that for aluminum. 
A very similar effect was observed by Lohmann and Schuster 
(3) and Ochoa and Peters (4) on the accelerating action of mag- 
nesium and manganese in the cocarboxylase system. Attempts 
to prepare an inactive preparation of succinic dehydrogenase 
which could be reactivated by adding aluminum were unsuccessful 
because of the inactivation of the enzyme by long dialysis. 


Function of Aluminum 


To determine whether the aluminum affected the cytochrome 
oxidase portion of the system or the succinic dehydrogenase, 
experiments were performed in such a way as to allow each of these 
parts to operate independently. 

The physiological aerobic oxidation of succinate is now con- 
sidered to be (a) the reduction of cytochrome C by succinate in 
the presence of succinic dehydrogenase, and (b) the oxidation of 
the reduced cytochrome by oxygen in the presence of cytochrome 
oxidase. Although Ball (5) has shown that cytochrome B under 
equilibrium conditions is 75 per cent reduced by succinic acid, 
this mechanism is probably of secondary importance to the cyto- 
chrome C system. 

In a previous paper (6) it was shown that small concentrations 
of cyanide inhibit the aerobic oxidation of p-phenylenediamine 
to the extent of 85 to 90 per cent and that a very large concentra- 
tion of cyanide is necessary for the complete inhibition. On the 
basis of Keilin’s previous work (7) that the autoxidation of cyto- 
chrome B is not inhibited by small quantities of cyanide, it was 
assumed that the non-cyanide-sensitive portion of the system 
acting on p-phenylenediamine was very probably cytochrome B. 
In this investigation we have found that the aerobic oxidation of 
succinate is likewise inhibited only to the extent of 90 per cent by 
small concentrations of cyanide. In this respect the aerobic 
oxidation of p-phenylenediamine and that of succinate are very 
similar. Aluminum ion addition did not accelerate the “residual” 
aerobic oxidation of succinate after the addition of cyanide. We 
may therefore conclude that aluminum ion very probably does not 
affect the aerobic oxidation of succinate through cytochrome B. 
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Both p-phenylenediamine and hydroquinone are capable of 
rapidly reducing cytochrome C without the intervention of a 
specific dehydrogenase and, as substrates (with excess cyto- 
chrome), can be used as a measure of cytochrome oxidase activity 
(6). With systems in which these substrates are used aluminum 
gave no acceleration. We can therefore conclude that it does 
not affect the so defined cytochrome C oxidase portion of the 
system. 

By inhibiting the action of cytochrome oxidase with cyanide, 
the succinic dehydrogenase activity can be tested with methylene 
blue as a hydrogen transporter. In this case too the addition of 
aluminum gave no acceleration, and we are forced to conclude 
that the aluminum does not affect this portion of the system as 
determined by this test. 

When aluminum was added in large concentrations to the re- 
action mixture (lacking enzyme), a precipitate, presumably of 
aluminum hydroxide, was formed. With enzyme present this 
precipitate was much more voluminous, indicating adsorption 
or coprecipitation of some constituent. In the latter case the 
supernatant liquid obtained by low speed centrifugation was 
less active than the uncentrifuged suspension. Furthermore it 
was found that the precipitate itself was active. While no pre- 
cipitate was observed with small aluminum ion addition, the 
natural turbidity due to the enzyme made the observation of 
such a precipitate very difficult. 

We are inclined to believe that the explanation of the increased 
activity is in some way bound up with the precipitate formation 
and this action can only be satisfactorily interpreted after the 
succinic dehydrogenase-cytochrome system is better understood. 


SUMMARY 


1. The addition of aluminum ion to a succinic dehydrogenase- 
cytochrome oxidase system accelerates the rate of oxygen uptake. 
A limiting value of the acceleration is reached with very small 
amounts of aluminum. 

2. Spectrographic analysis of the enzyme preparations indicated 
that the amount of aluminum found in these preparations was 
sufficient to account for the activity, assuming that aluminum 
is a necessary constituent. 
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3. Chromium and the rare earth salts produced the same effect 
but were found to be practically absent in a tissue extract. 
4. The function of aluminum in succinate oxidation is discussed. 
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It has previously been shown (1) that cholesterol and various 
cholesterol derivatives such as cholesterilene, dicholesteryl ether, 
cholesteryl chloride, cholestene, and butyl cholesteryl ether yield 
antirachitic products when treated with the sulfuric acid-acetic 
anhydride reagent, whereas cholestenone and dihydrocholesterol 
do not. These results pointed to a specific structural relationship 
which appeared to be essential to the chemical antirachitic activa- 
tion of cholesterol and cholesterol derivatives. The probability 
of this relationship between chemical activation and configuration 
has been investigated further by testing the reaction products 
obtained by the action of the sulfuric acid-acetic anhydride reagent 
on a number of sterols and additional cholesterol derivatives for 
antirachitic activity. 


Preparation of Sterols and Derivatives 


Cholestane, m.p. 79-80°, and coprostane, m.p. 67-68°, were 
obtained by the catalytic (PtO,) hydrogenation of cholestene (2) 
and pseudocholestene (3) respectively. They were purified in 
carbon tetrachloride solution by the action of acetic anhydride 
and concentrated sulfuric acid according to the method of Ander- 
son and Nabenhauer (4) and then recrystallized from ether-alcohol. 
Neocholestene, m.p. 75-76°, was prepared by the action of quino- 
line on a-cholestyl chloride, obtained by the action of thionyl 


* Journal Paper No. J606 of the Iowa Agricultural Experiment Station, 
Project No. 506. 
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chloride on dihydrocholesterol purified as its acetate (4), according 
to the method of Mauthner (3), and purified by bromination fol- 
lowed by subsequent debromination and recrystallization accord- 
ing to the method of Hattori (5). Pseudocholestene, m.p. 78-79°, 
was prepared by the action of alcoholic potassium acetate on 
cholestene hydrochloride (5-chlorocholestane) according to the 
method of Mauthner and Suida (6). 4,6-Cholestadiene, m.p. 
84-85°, and 7-dehydrocholestene isomer, m.p. 91-92°, were pre- 
pared by the action of quinoline on 8-cholestene dibromide (5,6- 
dibromocholestane) and by the action of alcoholic hydrochloric 
acid on 7-hydroxycholestene respectively (7). 7-Dehydrocho- 
lestene, m.p. 88-89°, was obtained by the vacuum distillation of 
the benzoate of 7-hydrocholestene according to the method of 
Dimroth and Trautmann (8). 

Allocholesterol, m.p. 131-132°, and epiallocholesterol, m.p. 
83-84°, were obtained by the reduction of cholestenone with alu- 
minum isopropoxide, followed by separation of the two isomers 
with digitonin according to the method of Schoenheimer and 
Evans (9). Pseudocholesterol, m.p. 115-116°, was prepared by 
the sodium-alcohol reduction of 7-ketocholesterilene according to 
the method of Windaus and Resau (10). 7-Hydroxycholestene, 
m.p. 93-94°, was obtained by the aluminum isopropoxide reduc- 
tion of 7-ketocholestene according to the method of Dimroth 
and Trautmann (8). 

7-Ketocholestene, m.p. 124-125°, 7-ketocholesteryl acetate, m.p. 
153-154°, and 7-ketocholesteryl chloride, m.p. 121-122°, were 
prepared from the neutral oxidation products obtained by the 
chromium trioxide oxidation of cholestene (11), cholesteryl ace- 
tate (12), and cholesteryl chloride (13) respectively and were 
purified by recrystallization from alcohol. 7-Ketocholesterilene, 
m.p. 91-92°, was prepared by the action of alcoholic hydrochloric 
acid on 7-ketocholesteryl acetate according to the method of 
Stavely and Bergmann (14). Cholestanone, m.p. 142-143°, was 
obtained by the chromium trioxide oxidation of dihydrocho- 
lesterol (15). 

i-Cholesterol, m.p. 74-75°, was obtained by the action of an 
aqueous acetone solution of potassium acetate on cholesteryl 
p-toluenesulfonate according to the method of Beynon, Heilbron, 
and Spring (16), followed by saponification and treatment with 
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digitonin. a-Cholesterilene, m.p. 344° (bloc Maquenne), and 
c-cholesterilene, m.p. 200° (bloc Maquenne), were obtained by the 
action of sulfuric acid on cholesterol according to a modification 
(17) of the method of Zwenger (18). The hydrocarbon CoxH«, 
described as the hydrocarbon of melting point 67° by Lettré (11), 
m.p. 67°, was prepared by the distillation of the acid fraction of 
the chromium trioxide oxidation of cholestene (11) and was puri- 
fied by recrystallization from ether-alcohol. The hydrocarbon 
CxsH, described as the hydrocarbon CH by Windaus and 
Resau (10) and as the diethenoid hydrocarbon by Barr, Heilbron, 
Parry, and Spring (19), m.p. 75.5-76°, was obtained by the distilla- 
tion of the acid fraction of the chromium trioxide oxidation of 
cholesteryl acetate (12) and was purified by recrystallization from 
ether-alcohol. The compound CysH 300, described as 13,18-di- 
methyl-9 , 13-cyclopentano-5 ,6-dehydrohydrophenanthr-3-ol by de 
Fazi and Pirrone (20), m.p. 202-203°, was obtained by the 
action of cuprous chloride on cholesterol (20) and was purified by 
recrystallization from alcohol. 

Commercial ergosterol was purified according to the method of 
Bills and Honeywell (21) until it melted at 162-163° and [a]? 
was —130.6° (c, 2.99 in CCl,). Stigmasterol, m.p. 170-171°, and 
[a] = —44.9° (c, 3.01 in CCl,), was obtained by saponification 
of soy bean oil according to the method of Steiger and Reich- 
stein (22). 8-Sitosterol (tall oil sitosterol), m.p. 138-139°, 
[a]® = —31.9° (c, 3.00 in CCI,), was obtained by the saponification 
of pine oil according to the method of Sandqvist and Bengts- 
son (23). Lanosterol, m.p. 140-141° and [a]? = +57.7° (ce, 2.98 
in CCl,), was obtained from the unsaponifiable fraction of wool 
fat according to the method of Lifschiitz and Vietmeyer (24) and 
purified according to the method of Windaus and Tschesche (25). 


Results of Treatment with Reagent 


The various sterols and cholesterol derivatives were treated with 
the sulfuric acid-acetic anhydride reagent according to the pro- 
cedure previously described (1). Each compound was heated 
in a 50 cc. Erlenmeyer flask at 85-90° for 3 hours with 0.002 mole 
of concentrated sulfuric acid and 0.0025 mole of acetic anhydride 
in 4 cc. of glacial acetic acid per 0.001 mole of compound treated. 
The average healing response of groups of rachitic rats to the 








260 Chemical Activation of Sterols. V 


various reaction products obtained is presented in Table I, accord- 
ing to test number. Several of the reaction products failed to 


TaB_e I 


Effect of Sulfuric Acid-Acetic Anhydride in Imparting Antirachitic Activity 
to Various Sterols and Cholesterol Derivatives 














| Line testt 
Test No. | Compound treated Level* | (average + 
values) 

1 Cholestane 31.10 0 

2 Coprostane | 31.10 | 0 

3 Neocholestene 31.10 0 

4 Pseudocholestene 1.56 2.0 

5 4,6-Cholestadiene 3.11 2.0 

6 7-Dehydrocholestene isomer 1.56 2.5 

7 7-Dehydrocholestene 1.56 2.0 

8 Allocholesterol 1.56 2. 

9 Epiallocholesterol 1.56 2.0 
10 Pseudocholesterol 3.11 2.0 
11 7-Hydroxycholestene 1.56 2.0 
12 Cholesterol 1.56 2.5 
13 7-Ketocholestene 31.10 0 
14 7-Ketocholesteryl acetate | 31.10 0 
15 os chloride 31.10 0 
16 7-Ketocholesterilene | $1.10 0 
17 Cholestanone 31.10 0 
18 i-Cholesterol 3.11 2.5 
19 a-Cholesterilene | 31.10 0 
20 c-Cholesterilene 31.10 0 
21 Hydrocarbon CaHu 31.10 0 
22 - CoH 31.10 0 
23 Compound C)sH300 3.11 1.5 
24 Ergosterol 31.10 2.0 
25 Stigmasterol 31.10 2.0 
26 8-Sitosterol 31.10 2.5 
27 | Lanosterol 31.10 0 





* Per cent of the reaction product obtained per 0.001 mole of the original 
compound fed per rat; thus 1.56, 3.11, and 31.10 per cent of the reaction 
products obtained from 0.001 mole of original compound are equivalent on 
the molar basis to the amounts of reaction product obtained from 6, 12, 
and 120 mg. of cholesterol respectively. 

t A 2+ value denotes approximately 5 vitamin units, vu. s. p. XI (26). 
The tests were conducted with one or more groups of six rats each. 


produce any macroscopic evidence of calcification in the rachitic 
metaphyses of rats fed the supplement at the levels indicated. It 
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is doubtful whether healing can be produced by feeding these 
reaction products in larger quantities. 

The reaction mixtures containing cholestane and coprostane 
remained colorless and the reaction products from these two 
derivatives were found to be inactive (Tests 1 and 2); unchanged 
cholestane and coprostane were recovered. The reaction mixture 
containing neocholestene became violet in color and the reaction 
product was found to be inactive (Test 3). The reaction mixtures 
containing pseudocholestene, 4,6-cholestadiene, 7-dehydrocho- 
lestene isomer, 7-dehydrocholestene, allocholesterol, epiallocholes- 
terol, pseudocholesterol, 7-hydroxycholestene, and cholesterol 
underwent the same green to brown color change and the reaction 
products were found to be active (Tests 4 to 12). 

The reaction mixtures containing 7-ketocholestene, 7-keto- 
cholesteryl acetate, 7-ketocholesteryl chloride, 7-ketocholes- 
terilene, and cholestanone became brown in color and the reaction 
products were found to be inactive (Tests 13 to 17). The reaction 
mixture containing 7-cholesterol changed through green to brown 
in color and the reaction product was found to be active (Test 18); 
a-cholesterilene was isolated from the reaction product. The 
reaction mixtures containing a- and c-cholesterilenes became brown 
in color and the reaction products were found to be inactive 
(Tests 19 and 20). The reaction mixtures containing the hydro- 
carbons CosHy, and CosHy became red to brown in color and 
both reaction products are found to be inactive (Tests 21 and 22). 
The reaction mixtures containing the compound C,H 300 became 
green to brown in color and the reaction product was found to be 
active (Test 23). 

The reaction mixtures containing ergosterol, stigmasterol, and 
B-sitosterol became green to brown in color and the reaction 
products were found to be active (Tests 24 to 26). The reaction 
mixture containing lanosterol became brown in color and the 
reaction product was found to be inactive (Test 27). 


DISCUSSION 


From the results obtained by biologically testing the reaction 
products produced by the action of the sulfuric acid-acetic anhy- 
dride reagent on various sterols and cholesterol derivatives, addi- 
tional evidence was found in support of the previously reported 

















262 Chemical Activation of Sterols. V 


suggestion of a specific relationship between chemical antirachitic 
activation and configuration. Cholesterol derivatives such as 
cholestane and coprostane which have no functional groups were 
found to yield inactive products. Neocholestene (cholestene-2) 
yielded an inactive product, whereas that obtained from pseudo- 
cholestene (cholestene-4) was active. Cholestadienes such as 
4,6-cholestadiene, 7-dehydrocholestene isomer (the structure of 
which is unknown (7)), and 7-dehydrocholestene and cholestenols 
such as allocholesterol (cholesten-4-ol-3), epiallocholesterol 
(cholesten-4-ol-3-epi), 7-hydroxycholestene (cholesten-5-ol-7), and 
cholesterol (cholesten-5-ol-3) yielded active products. Thus 
several cholesterol derivatives having a double bond in the 4- or 
5-position and with or without an additional double bond or 
hydroxyl group have been found to yield antirachitic products by 
the action of the sulfuric acid-acetic anhydride reagent. 
Antirachitic products have been obtained (1) by the action of 
the sulfuric acid-acetic anhydride reagent on cholestene (choles- 
tene-5), cholesteryl acetate (cholesten-5-ol-3 acetate), cholesteryl 
chloride (3-chlorocholestene-5), and cholesterilene (3 ,5-choles- 
tadiene (14, 17)). On the other hand, inactive products were 
produced by the action of the same reagent on the 7-keto deriva- 
tives of these cholesterol derivatives; namely, 7-ketocholestene 
(cholesten-5-one-7), 7-ketocholesteryl acetate (cholesten-5-one- 
7-ol-3 acetate), 7-ketocholestery] chloride (3-chlorocholesten-5- 
one-7), and 7-ketocholesterilene (cholestadiene-3 ,5-one-7). An 
antirachitic product was also obtained from pseudocholestene, 
whereas cholestenone (cholesten-4-one-3) has been found to yield 
an inactive product (1). Inactive products were obtained from 
both dihydrocholesterol (cholestanol-3) (1) and its ketone deriva- 
tive cholestanone (cholestanone-3). Although several cholesterol 
derivatives having a double bond in the 4- or 5-position have been 
converted into active products, the 3- and 7-keto derivatives of 
these compounds were not converted into active products. The 
change of an adjacent methylene group into a carbonyl! group 
(either 3- or 7-position) converts the compounds from olefines 
into a,8-unsaturated ketones which would stabilize the double 
bonds in the 4- or 5-position. 7-Cholesterol, which is a molecular 
rearrangement product of cholesterol (16, 27-29) was found to 























se Oo. e @& @& ee ele 














J. C. Eck and B. H. Thomas 263 


yield an active product. a- and c-cholesterilenes, the structures 
of which are unknown (17), were found to yield inactive products. 
The hydrocarbon CH, which differs from cholestene in that 
Ring B is 5-membered so that the double bond may be described 
as between carbon atoms 5 and 7, was found to yield an inactive 
product. The hydrocarbon CH, which has the same structure 
as hydrocarbon CxsHy, with an additional double bond between 
carbon atoms 3 and 4 (9, 19), was found to yield an inactive product 
by the action of the reagent. The hydrocarbons CoH 4, and CoH » 
do not possess the cyclopentanoperhydrophenanthrene nucleus. 
The compound C,,;H300 which has been described by de Fazi and 
Pirrone (20) to have the same structure as cholesterol with the 
exception of a hydrogen atom in place of the isoocty! side chain 
on carbon atom 17 was found to yield an active product by the 
action of the reagent. 

Ergosterol, stigmasterol, and §-sitosterol (22-dihydrostigmas- 
terol (30-32)) were found to yield products possessing slight 
antirachitic activity by the action of the sulfuric acid-acetic an- 
hydride reagent. These sterols differ from cholesterol by addi- 
tional double bonds in the 7- and 22-positions and a methyl group 
in place of a hydrogen atom in the 24-position, by an additional 
double bond in the 22-position and an ethyl group in place of a 
hydrogen atom in the 24-position, and by an ethyl! group in place 
of a hydrogen atom in the 24-position respectively. Lanosterol, 
a triterpene (33), was found to yield an antirachitically inactive 
product by the action of the reagent. 


SUMMARY 


The sulfuric acid-acetic anhydride reagent was found to be 
effective in converting pseudocholestene, 4 ,6-cholestadiene, 7-de- 
hydrocholestene isomer, 7-dehydrocholestene, allocholesterol, epi- 
allocholesterol, pseudocholesterol, i-cholesterol, and compound 
CysHsoO into active products. This reagent was also found to 
convert ergosterol, stigmasterol, and #-sitosterol into less active 
products. Antirachitically inactive products were produced by 
the action of the sulfuric acid-acetic anhydride reagent on choles- 
tane, coprostane, neocholestene, 7-ketocholestene, 7-ketocholes- 
teryl acetate, 7-ketocholesteryl chloride, 7-ketocholesterilene, 
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cholestanone-3, hydrocarbon CosH 44, hydrocarbon CoH «2, a-choles- 
terilene, c-cholesterilene, and lanosterol. 


The various sterols or derivatives treated which possessed the 


cyclopentanoperhydrophenanthrene nucleus, having a double bond 
in the 4- or 5-position, with or without an additional double bond 


or 


hydroxyl group, and without a ketone group in the 3- or 


7-position, were converted into antirachitic products by the action 
of the sulfuric acid-acetic anhydride reagent. 
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In the investigation of the chemical antirachitic activation of 
sterols and cholesterol derivatives, it has been shown that various 
acidic dehydrating reagents are effective in the production of anti- 
rachitic products (1, 2) and that the compounds treated (3, 4) 
which possessed the cyclopentanoperhydrophenanthrene nucleus 
with a double bond in the 4- or 5-position, with or without an 
additional double bond or hydroxyl group, and without a carbony! 
group in the 3- or 7-position, were converted into antirachitic 
products by the action of sulfuric acid in the presence of acetic 
anhydride. Temperature, time, proportion of the reagent (1), 
and the anhydrous conditions of the reaction mixture (2) were 
found to be important in the reactions employed in chemical 
activation. 

Some of the reagents used in chemical activation, namely 
sulfuric acid, sulfuric acid with acetic anhydride, zine chloride, 
and trichloroacetic acid, are employed in sterol color reactions 
under different conditions of temperature, time, and solvent used. 
The treatment of cholesterol and cholesterol derivatives with 
various reagents used in sterol color reactions was studied in order 
to correlate chemical activation with color reactions. 


EXPERIMENTAL 


The numerous sterol color reactions were reviewed and the 
following experimental work was conducted in order to provide 


* Journal Paper No. J612 of the Iowa Agricultural Experiment Station, 
Project No. 506. 
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data for a discussion of chemical activation in connection with 
sterol color reactions. Cholesterol and a number of cholesterol 
derivatives were treated with various reagents used in sterol color 
reactions. The experimental conditions employed and the bio- 
logical tests of the reaction products obtained are presented in 
Tables I and II. The production of a-cholesterilene as a by- 
product of some of these reactions is described elsewhere (6). 

The description of the reactions concerning sulfuric acid are 
presented in Table I according to reaction number, and that of 
the reactions involving zine chloride, trichloroacetic acid, hydrogen 
chloride, and phosphorus pentoxide are presented in Table II. 
The aqueous washings of the reaction products obtained by the 
action of trichloroacetic acid were found to give negative tests for 
chloride ion. Reaction products which possessed definite anti- 
rachitic activity at the levels tested were not obtained with other 
reagents such as antimony trichloride, antimony pentachloride, 
arsenic trichloride, or nitric acid. 

The following compounds give a positive Liebermann-Burchard 
color reaction through rose-red to violet to blue to green: choles- 
terol, cholesterilene, cholestene, cholesteryl acetate, cholesteryl 
chloride, butyl cholesteryl ether, dicholesteryl ether, pseudo- 
cholestene, 4,6-cholestadiene, 7-dehydrocholestene, 7-dehydro- 
cholestene isomer, allocholesterol, epiallocholesterol, pseudo- 
cholesterol, 7-hydroxycholestene, t-cholesterol, compound C,9H 0, 
ergosterol, stigmasterol, and #-sitosterol. The following com- 
pounds give a negative Liebermann-Burchard color reaction with 
the display of a brown coloration unless otherwise stated: dihydro- 
cholesterol (colorless), cholestenone, cholestane (colorless), copro- 
stane (colorless), neocholestene (violet), 7-ketocholestene, 7-keto- 
cholesteryl acetate, 7-ketocholestery! chloride,7-ketocholesterilene, 
cholestanone, a-cholesterilene, c-cholesterilene, hydrocarbon CosHu 
(cherry-red to blue-violet), hydrocarbon CH» (cherry-red to 
blue-violet), and lanosterol. Treated with zine chloride and acetyl 
chloride in acetic acid as in the Tschugajeff reaction but at room 
temperature, cholesterilene gives a rapid color change through red 
to purple, cholesterol gives a slow color change through pink to 
red to purple, and cholestene gives a weak color change through 
pink to red. 
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DISCUSSION 


Sulfuric acid is used at room temperature without dilution in 
the Salkowski reaction (7-9) and in the Drummond and Watson 
reaction (10, 11), diluted to a specific gravity of 1.76 in the Hesse 
reaction (9, 12), diluted to 10 m in a modified Moleschott reaction 
(13), with a sugar in the Neuberg reaction (14), with acetic anhy- 
dride without a solvent in the Liebermann reaction (15), with 
acetic anhydride in chloroform solution in the Liebermann-Burch- 
ard reaction (16), with formaldehyde in the Whitby A and B 
reactions (9, 10), and following pretreatment with benzoyl peroxide 
in the Lifschitz reaction (9, 17). A more intense color reaction is 
obtained with sulfuric acid when concentrated than when diluted 
and also when in the presence of acetic anhydride or formaldehyde 
or following pretreatment with benzoyl! peroxide than with sulfuric 
acid alone. In chemical activation it has been found that heat 
is required for all activating reagents used except hydrogen chlo- 
ride (1, 2) and that maximum activity is obtained when the reac- 
tion mixture is anhydrous (2). Both acetyl chloride (Reaction 9, 
Table I) and acetic anhydride (Reaction 10) appear to have 
increased the activity of the reaction product obtained by the 
treatment of cholesterol with sulfuric acid, whereas neither para- 
formaldehyde (Reaction 14) nor benzoyl peroxide (Reaction 15) 
has this apparent effect. It was found that the compounds (3, 4) 
which yielded active products by the action of sulfuric acid with 
acetic anhydride gave a positive Liebermann-Burchard color reac- 
tion, whereas the compounds which did not yield active products 
do not give a positive color test. A variety of other compounds 
has been tested with the Liebermann-Burchard color reaction and 
different colors or color changes have been observed (18). Heat 
as well as the color change is of importance in chemical activation 
by means of sulfuric acid and acetic anhydride, since the same 
color change was observed at room temperature (Reaction 11) as 
when heated (Reaction 25, Table II), although the product 
obtained at room temperature (Reaction 11) was inactive and was 
converted into an active product when subsequently heated 
(Reaction 12). The color change observed and the activation 
produced were effected in less time when irradiated during the 
reaction (Reaction 13), since a period of 3 hours was found neces- 
sary (2) for maximum activation without irradiation. 
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An eosin red color develops when an acetic acid solution of 
cholesterol is heated with zinc chloride and acetyl chloride or 
benzoyl chloride in the Tschugajeff reaction (19). A purple color 
is obtained when cholesterol is heated with zinc chloride alone in 
acetic acid solution and the presence of formaldehyde intensifies 
the purple color (9). Cholesterilene and cholestene also give 
a positive Tschugajeff reaction (10). At room temperature the 
Tschugajeff reaction is more intense with cholesterilene and less 
intense with cholestene than with cholesterol and the activity of 
the reaction products obtained when heated was apparently 
greater with cholesterilene (Reaction 23), and less with cholestene 
(Reaction 24) than with cholesterol (Reaction 19). It is evident 
(Reactions 16, 21, 22) that the zinc chloride, the anhydrous state 
of the reaction medium due to the acetyl chloride, and the hydro- 
gen chloride formed upon hydrolysis of the acetyl chloride by 
water present in the acetic acid are probably all of importance in 
the activation of cholesterol by the action of zine chloride with 
acetyl chloride (Reaction 19). The color reaction with this 
reagent in acetic acid is thus parallel with the chemical activation 
of cholesterol, cholesterilene, and cholestene, although the display 
of color in the activation of cholesterol with zine chloride is not 
necessary in the production of an active product, since an active 
product was produced by the treatment of cholesterol with zine 
chloride in the absence of a solvent without the display of a red 
color (1). 

Blue colorations without material increases in activity of the 
reaction products were obtained by the presence of paraformal- 
dehyde (Reaction 17) or of benzoyl peroxide (Reaction 18) during 
the treatment of cholesterol with zine chloride in acetic acid. A 
blue coloration is also involved under conditions which may be 
inferred as oxidative in the color reactions of antimony and arsenic 
trichlorides which yielded products possessing no definite anti- 
rachitic activity. Thus antimony trichloride does not give a 
characteristic color with cholesterol (20-23) in the Carr and Price 
reaction (24) but does give a blue coloration with cholesterol 
which had been heated in the air (25), heated in colloidal aqueous 
suspension (25), irradiated in the presence of oxygen (22), or fol- 
lowing treatment with benzoyl peroxide or formaldehyde (26) and 
with 7-hydroxy sterol derivatives (27). Arsenic trichloride gives 
a red color with cholesterol (21, 28) in the Rosenheim and Drum- 
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mond reaction (29) and blue colorations with cholesterol which 
had been pretreated with benzoyl peroxide or formaldehyde (30). 

An intimate mixture of cholesterilene and 90 per cent trichloro- 
acetic acid displays a red color at room temperature in the Rosen- 
heim reaction (31), whereas cholesterol and cholestene do not (32). 
The Rosenheim color reaction has been found to be positive for 
sterols and sterol derivatives containing or potentially containing 
a conjugated system of double bonds (32). When heated with 
freshly distilled trichloroacetic acid, color changes through red 
or purple to brown with the formation of active products were 
obtained with cholesterol (1), cholesterilene (Reaction 26) and 
cholestene (Reaction 27) but at room temperature the color change 
was observed with the formation of an inactive product from cho- 
lesterilene (Reaction 28). When heated, the color reaction 
observed with trichloroacetic acid was apparently correlative with 
the chemical activation of cholesterol, cholesterilene, and choles- 
tene. The formation of chloride ions is involved in the treatment 
of cholesterol but not cholesterilene or cholestene with a quantity 
of trichloroacetic acid, which is probably a dehydrating reagent, in 
larger (previously described (1)) than equimolar (Reaction 25) 
proportion. 

A yellow to light brown to reddish brown color with a green 
fluorescence was observed with the formation of an active product 
by the action of hydrogen chloride in ether on cholesterilene but 
not in the case of cholesterol or cholestene (1). Ether-alcohol 
was found to be a better solvent than ether for the display of color 
change and for chemical activation with this reagent (Reactions 
29 to 31). 

It has been reported (9) that when a chloroform solution of the 
hydrocarbons (not characterized) obtained by the treatment of 
cholesterol with sulfuric acid or zinc chloride was warmed with 
phosphorus pentoxide, the reaction mixture displayed a rose to 
cherry-red color change. Furthermore a purple color developed 
when the solution was pretreated with formaldehyde, and a color 
change through blue to green was observed when the purple solu- 
tion was poured off and treated with acetic anhydride. A mixture 
of phosphorus pentoxide and cholesterol or cholesterilene heated 
in the absence of a solvent was observed to display a purple to 
brown color change with the formation of an active product (1). 
Activation with phosphorus pentoxide in benzene solution was 
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found correlative with the (purple) color display in the treatment 
of cholesterol (Reaction 32), cholesterilene (Reaction 33), and 
cholestene (Reaction 34). 

Other reagents used in sterol color reactions include antimony 
pentachloride and nitric acid which yielded reaction products 
possessing no definite antirachitic activity. Antimony penta- 
chloride in the Steinle and Kahlenberg color reaction gives a 
brown complex, C2;7HyOH-SbCl;, with cholesterol which when 
dissolved in different solvents displays various colors (20). In 
the Whitby C color reaction cholesterol which has been preheated 
with acetic anhydride gives a blue or blue-green color when 
treated with nitric acid (9). In the Rosenheim and Callow color 
reaction, a chloroform solution of a sterol displays a color when 
treated with nitric acid and mercuric acetate (33). Color reactions 
have been observed for various sterols or sterol derivatives by 
treatment with additional reagents such as hydrogen iodide con- 
taining iodine (34), bromine in chloroform solution in the Tortelli- 
Jaffe reaction (35), chloral hydrate (31), silicotungstic acid (36), 
rosaniline (37), benzidine (37), selenic acid (38), dimethyl sul- 
fate (29), and floridin (39). Cholesteryl propionate displays a 
series of color changes when cooled after fusion in the Obermiiller 
reaction (9, 40). 

The red color in the Salkowski reaction has been suggested as 
due to cholesteryl acid sulfate (8) and the green color in the Lieber- 
mann-Burchard reaction to cholesteryl esters (41) but cholesteryl 
acid sulfate in the form of its potassium or ammonium salts was 
found to be antirachitically inactive (1). Sulfurie acid (40), 
antimony trichloride (40), and antimony pentachloride (20) have 
been reported to form colored addition compounds with choles- 
terol at room temperature. The action of formaldehyde, benzoyl 
peroxide, and nitric acid may be inferred as oxidative in influence 
in various color reactions. Experimental data do not indicate 
that addition compound formation or oxidative influences are 
involved in chemical activation. It was found (2) that the sulfur 
dioxide evolved as an oxidative side reaction during the action of 
sulfuric acid and acetic anhydride on cholesterol was not correla- 
tive with the activity produced. 

The reaction products obtained by the action of sulfuric acid 
on cholestene (Reactions 3, 8) were less active than those obtained 
from cholesterol or certain other cholesterol derivatives (Reac- 
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tions 1, 2,4 to 7). The reaction products produced by means 
of zinc chloride and acetyl chloride, trichloroacetic acid, hydrogen 
chloride, and of phosphorus pentoxide were apparently less active 
(or inactive) from cholestene and more active from cholesterilene 
than from cholesterol. 

SUMMARY 

The sterol color reactions were reviewed and the use of various 
reagents in chemical antirachitic activation and in sterol color 
reactions was studied. Color reactions, involving addition com- 
pound formation, esterification, or oxidative reagents, are probably 
not involved in chemical activation. Chemical activation by 
means of acidic dehydrating reagents used in sterol color reactions 
is correlative with color reactions. Various factors such as tem- 
perature, time, solvent, proportion of the reagent, anhydrous con- 
dition of the reaction mixture, structure of the compound treated, 
and character of the reagent used are important in chemical activa- 
tion and in color reactions. 

In general the reaction products obtained from cholesterilene 
are more active and those from cholestene are probably less active 
than those produced from cholesterol. Sulfuric acid with acetic 
anhydride and zinc chloride with acetyl chloride were the most 
effective reagents in the conversion of cholesterilene to anti- 
rachitic products. The color change observed and the activation 
produced by the treatment of cholesterol with sulfuric acid and 
acetic anhydride were effected in less time when the reaction 
mixture was irradiated. 


BIBLIOGRAPHY 


1. Eck, J. C., and Thomas, B. H., J. Biol. Chem., 119, 631 (1937). 

2. Eck, J. C., and Thomas, B. H., J. Biol. Chem., 119, 621 (1937). 

3. Eck, J. C., Thomas, B. H., and Yoder, L., J. Biol. Chem., 117, 655 
(1937). 

4. Eck, J. C., and Thomas, B. H., J. Biol. Chem., 128, 257 (1939). 

5. The pharmacopeia of the United States of America, eleventh decennial 
revision, Easton, 478-484 (1936). 

6. Eck, J. C., and Van Peursem, R. L., Jowa State Coll. J. Se., 18, 115 
(1939). 

7. Salkowski, E., Arch. ges. Physiol., 6, 207 (1872); Z. physiol. Chem., 87, 
515 (1908). 

8. Nikalaev, V. I., and Krastelevska, 8. A., J. Russ. Physic.-Chem. Soc., 
60, 1211 (1928). 

9. Whitby, G. S., Biochem, J., 17, 5 (1923). 














278 Chemical Activation of Sterols. VI 


10. 
ll. 


12. 
13. 
14. 


15. 
16. 


FSSESE 


ASSSESSRS VRRESRESs 


Wokes, F., Biochem. J., 22, 830 (1928). 

Drummond, J. C., and Watson, A. F., Analyst, 47, 341 (1922). Fearon, 
W. R., Biochem. J., 19, 888 (1925). 

Hesse, O., Ann. Chem., 211, 284 (1881). 

Bills, C. E., and McDonald, F. G., J. Biol. Chem., 72, 1 (1927). 

Neuberg, C., Z. physik. Chem., 47, 335 (1906). Montignie, E., Bull. 
soc. chim., 47, 467 (1930). Mandel, J. A., and Neuberg, C., Biochem. 
Z., T1, 186 (1915). 

Liebermann, C., Ber. chem. Ges., 18, 1863 (1885). 

Burchard, H., Chem. Zentr., 61, (1), 25 (1890). Schube, P. G., J. Lab. 
and Clin. Med., 18, 306 (1932). Morgareidge, K., Proc. Am. Soe. 
Biol. Chem., J. Biol. Chem., 109, p. Ixvii (1935). Schoenheimer, R., 
and Dam, H., Z. physiol. Chem., 216, 59 (1933). Pijoan, M., and 
Walter, C. W., J. Lab. and Clin. Med., 22, 968 (1937). Latarjet, R., 
and Husson, A., Compt. rend. Soc. biol., 126, 683 (1937). 


. Lifschitz, I., Ber. chem. Ges., 41, 252 (1908); Z. physiol. Chem., 117, 


201 (1922). 


. La Lande, W. A., Jr., J. Am. Chem. Soc., 66, 1536 (1933). Radsma, W., 


Acta brev. Neerl. Physiol., Pharmacol., Microbiol., 6, 67 (1935). Le- 
vine, V. E., and Bien, G. E., Proc. Soc. Exp. Biol. and Med., 31, 804 
(1934). Levine, V. E., and Richman, E., Proc. Soc. Exp. Biol. and 
Med., 31, 582 (1934). 

Tschugaeff, L., Z. angew. Chem., 13, 618 (1900). 


. Steinle, J. V., and Kahlenberg, L., J. Biol. Chem., 67, 425 (1926). 


Kahlenberg, L., J. Biol. Chem., 62, 217 (1922). 

Goldhammer, H., and Kuen, F. M., Biochem. Z., 216, 6 (1929). 

Montignie, E., Bull. soc. chim., 45, 302 (1929). 

Carr, F. H., and Price, E. A., Biochem. J., 20, 497 (1926). 

Moore, T., and Willimott, 8. G., Biochem. J., 21, 585 (1927). 

Rosenheim, O., Biochem. J., 27, 386 (1927). 

Barr, T., Heilbron, I. M., Parry, E. G., and Spring, F. S8., J. Chem. 
Soc., 1437 (1926). 

Marston, H. R., Australian J. Expt. Biol. and Med. Sc., 1, 53 (1924). 

Rosenheim, O., and Drummond, J. C., Biochem. J., 19, 753 (1925). 

Rosenheim, O., Biochem. J., 21, 386 (1927). 

Rosenheim, O., Biochem. J., 28, 47 (1929). 

Schoenheimer, R., and Evans, E. A., Jr., J. Biol. Chem., 114, 567 (1936). 

Rosenheim, O., and Callow, R. K., Biochem. J., 25, 74 (1931). 


. von Zijp, V., Pharm. Weekblad, 70, 775 (1933). 
. Tortelli, M., and Jaffe, E., Chem. Zig., 39, 14 (1915). Hanssler, EF. P., 


and Branchli, E., Helv. chim. acta, 12, 187 (1929). Heilbron, I. M., 
and Spring, F. 8., Biochem. J., 24, 133 (1929). 


. Montignie, E., Bull. soc. chim., 61, 690 (1932). 
. Bahl, E., Biochem. Z., 204, 474 (1929). 

. Montignie, E., Bull. soc. chim., 63, 1394 (1933). 
. Bills, C. E., J. Biol. Chem., 67, 753 (1926). 

. Obermiiller, K., Z. physiol. Chem., 16, 37 (1891). 
. Bloch, A., Biochem. Z., 267, 171 (1933). 











osm bd 


— 3 

















URINARY EXCRETION PRODUCTS OF SULFANILYL-2- 
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Although it has been known for some time (1, 6) that sulfanilyl- 
2-aminopyridine when administered to human beings is excreted 
partly in the conjugated form of the acetyl derivative, no details 
of the isolation and characterization of this substance have been 
reported. The acetyl derivative is readily isolated from urine. 
Details of a typical run are presented here. 

A sample of urine (250 cc.) was obtained from a patient receiving 
1 gm. of the drug orally every 4 hours for 3 days. The concentra- 
tion of the drug in this specimen was 100 mg. per cent free and 51 
mg. per cent conjugated sulfanilyl-2-aminopyridine. The blood 
concentration at the time of micturition was 6 mg. per cent of the 
free drug. These values were obtained by Marshall’s method 
(2) for the determination of sulfanilamide, although the chromo- 
tropic acid method (3) may be used. 

The urine was diluted to 1 liter with 95 per cent alcohol, 150 
gm. of animal charcoal (S. B. Penick and Company, powdered) 
were added, and the mixture was shaken for 5 minutes at pH 7. 
The mixture was centrifuged and filtered. The charcoal was 
shaken with four successive portions of alcohol (250 cc.), the mix- 
ture being centrifuged and filtered after each extraction. A 
fifth test extraction gave a negative coupling reaction before and 


* These studies received financial support from the Littauer Pneumonia 
Research Fund, from the Metropolitan Life Insurance Company, and from 
Mr. Bernard M. Baruch, Mr. Bernard M. Baruch, Jr., Miss Belle N. Baruch, 
and Mrs. H. Robert Samstag. 

Samples of sulfanilyl-2-aminopyridine were kindly furnished by Merck 
and Company. 
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after hydrolysis. The combined filtrates were evaporated to 
dryness on a water bath. The residue was cooled and extracted 
with 10 cc. of cold water. This left an organic residue which gave 
a negative coupling reaction for the free, but a positive reaction 
for the conjugated sulfanilyl-2-aminopyridine. After three erys- 
tallizations from alcohol 94 mg. of the total 127 mg. of the con- 
jugated drug were obtained. The melting range was 220-222°, 
Two additional crystallizations from alcohol and a final crystalli- 
zation from dilute acetic acid gave a product in excellently formed 
parallelogram-shaped plates, melting at 225-226°. This melting 
point agrees with that of the acetylsulfanilyl-2-aminopyridine 
recorded by Marshall (1). The substance was difficultly soluble 
in cold water, soluble in acids and alkalies, and gave a negative 
diazo test which became positive after hydrolysis. These are 
the properties of acetylsulfanilyl-2-aminopyridine. These proper- 
ties account for the functional groups present in the compound. 


C,;H,;0;N388. Caleulated. C 53.61, H 4.47, N 14.43 
Found. “* 53.78, “* 4.63, “ 14.18 


The monoacetylsulfanilyl-2-aminopyridine was prepared in 
essentially quantitative yields by simply stirring 1 gm. of the drug 
into solution in 10 ec. of cold acetic anhydride. This procedure 
is analogous to that reported for the preparation of acetylsulf- 
anilamide (4). After 3 to 5 minutes the product precipitated. 
The reaction mixture was diluted to a convenient volume with 
ether and filtered. After crystallization the product was obtained 
as white parallelogram-shaped plates melting at 225-226°. Mix- 
ture of this substance with a portion of the product obtained from 
the urine specimen did not cause a depression in the melting point. 

Warming the drug in acetic anhydride solution at the boiling 
point for 1 to 20 minutes gave essentially quantitative yields of 
the diacetyl derivative when the reaction mixture was worked up 
as in the preceding case. Unlike the diacetyl derivative of sulf- 
anilamide (5) this product melted at a lower temperature than the 
monoacetylsulfanilyl-2-aminopyridine. After one recrystalliza- 
tion from alcohol the melting point was not altered by two re- 
crystallizations from dilute acetic acid and three from alcohol. 
The product, appearing in excellently formed long plates, parallel- 
ogram in shape, melted at 218°. The melting point was depressed 
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when this product was mixed with a sample of the product ob- 
tained from urine, or the synthetic monoacetyl derivative. 


C,s5H,,O,N;8. Calculated, N 12.61; found, N 12.48 


A portion of the product isolated from the urine was boiled 
in acetic anhydride solution. The substance obtained melted 
at 218° and at the same temperature when mixed with a known 
sample of diacetyl sulfanilyl-2-aminopyridine. 

By the diazotization procedures, the original 10 cc. water ex- 
tract of the urine residue was found to contain 80 mg. of diazotiz- 
able drug. This appears to be considerably above the solubility 
of the unchanged drug (6). The charcoal adsorbent retained the 
major portion of the free sulfanilyl-2-aminopyridine, but details 
of these phases of the study are not ready for publication at this 
time. 

SUMMARY 


Monoacetylsulfanilyl-2-aminopyridine has been isolated from 
human urine after the oral administration of sulfanilyl-2-amino- 
pyridine. This substance has been characterized by physical, 
chemical, and analytical data and by conversion to the diacetyl 
derivative. The isolation of other urinary excretion products is 
under investigation. 


BIBLIOGRAPHY 


1. Marshall, E. K., Jr., Bratton, A. C., and Litchfield, J. T., Jr., Science, 
88, 597 (1938). 

. Marshall, E. K., Jr., J. Biol. Chem., 122, 263 (1938-39). 

. Seudi, J. V., J. Biol. Chem., 122, 539 (1938-39). 

. Scudi, J. V., J. Am. Chem. Soc., 69, 1480 (1937). 


oo Ww bo 


* 2 
. Seudi, J. V., Ind. and Eng. Chem., Anal. Ed., 10, 346 (1938). 
. Whitby, L. 


, Lancet, 2, 1095 (1938). 




















(F 























FAT METABOLISM FOLLOWING LIVER INJURY. DE- 
CREASED IODINE NUMBER OF TISSUE FATTY 
ACIDS OF MALE RATS FOLLOWING CARBON 
TETRACHLORIDE ADMINISTRATION 


By IRWIN C. WINTER 


(From the Department of Physiology and Pharmacology, Baylor University, 
College of Medicine, Dallas) 


(Received for publication, November 25, 1938) 


It has been reported that dogs suffering from liver damage 
show a decrease in the iodine number of the blood fatty acids 
during fasting (1, 2). The present series of experiments was 
designed to determine whether a similar change could be detected 
in the tissues of animals with liver injury. 


Plan of Experiment 


Because of their size, albino rats were chosen as the experi- 
mental animal. This species has been shown by Cameron and 
Karunaratne (3) to exhibit liver damage when injected with 
carbon tetrachloride. To exclude any sex difference (4), only 
male animals were selected. 

Two groups of twelve each were used, six rats of each group 
being injected with 0.05 cc. of carbon tetrachloride (diluted 1:1 
with olive oil to prevent irritation) per 100 gm. of body weight— 
an amount sufficient in repeated doses to cause severe liver dam- 
age—at the start, and on the 2nd, 4th, 7th, 9th, ete., days of 
the experimental period. The remaining animals served as normal 
controls. After a preliminary 24 hour fast, each group was placed 
on a diet containing approximately 10 per cent of fatty acids,' 
the average iodine number of which was 41. All animals were 
placed in individual wire cages and allowed food and water ad 


? Coconut oil added to ground Tioga dog food (Baloration, Inc., Waverly, 
New York). The composition according to the manufacturer is as follows: 
protein 20.0, fat 2.5, fiber 3.0, ash 12.5, moisture 8.5 per cent. The ration 
contains all necessary vitamins, minerals, etc. 
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libitum, although the amount of food eaten was recorded. The 
feces were collected and the animals weighed at the time the 
treated animals were injected with carbon tetrachloride. 

At the end of a 2 week feeding period, all of the animals of 
Group I were sacrificed. Group II was utilized to determine 
the effect of a fat intake of higher iodine number on the degree 
of unsaturation of the tissue fatty acids of the animals with liver 
injury. From this group (II) one normal and one treated rat 
were killed at the end of the 2 week period, and the remainder 
placed on a diet? which contained fatty acids having an average 
iodine number of 113. After 2 and 4 days on this diet one treated 
rat was killed (in each case a normal control was also taken), 
and the remaining animals were sacrificed after 1 week on the 
diet with fat of high iodine number. Before being killed or 
the diet changed, all animals were subjected to a 24 hour fast. 


Methods 


The feces, liver, and carcass were extracted first with alcohol, 
then with ether—the feces and liver in continuous extractors, the 
carcass by refluxing with the solvents named. The feces were 
ground, moistened with 15 per cent hydrochloric acid, and then 
dried before extraction. 

The resulting alcohol-ether extracts were analyzed for total 
fatty acids by the method of Bloor (5) and for phospholipid fatty 
acids by the procedure first used by the same author (6), and the 
iodine numbers of the fatty acid fractions were determined as 
described by Yasuda (7). Phospholipid estimations were not 
attempted on the extracts of the feces. 


Results 


It is apparent from an examination of Tables I and II and Fig. 
1 that on a fat intake of low iodine number liver injury results in 
a wide-spread interference with the mechanism by which the 
organism maintains the usual degree of unsaturation of tissue 
fatty acids. The resultant decrease in iodine number occurs in 
both total and phospholipid fatty acid fractions, in the liver as 
well as in the remaining tissues of the body (Table 1). The fatty 
acids appearing in the feces also have a lowered iodine number 


2 Cod liver oil added to ground Tioga dog food. 
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(Table II, Fig. 1), and the constancy of these findings is indicated 
by the fact that the decreased iodine number of the fecal fatty 
acids is consistently found in 144 observations on twenty-four 
animals over a period of 2 weeks. It is concluded that these 
findings indicate that severe liver injury interferes with the de- 
saturation processes known to occur in the body (8), and that 


TaBLe | 
lodine Numbers of Tissue Fatty Acids 


Liver Carcass 
Group Rat No. on Dat, Totalfatty | Phospholipid | Total fatty | Phospholipid 
No. te 113° acids fatty acids acids fatty acids 


Normal! Treated Normal Treated Normal Treated Normal Treated 


I l 0 97 97 109 109 57 54 97 S4 
2 0 113 94 137 117 60 45 99 95 

3 0 121 102 129 116 58 50 102 76 

4 0 107 105 131 107 67 51 111 82 

5 0 122 102 145 110 iA 38 96 SY 

6 0 105 97 132 108 52 38 97 86 
Average 0 lll 100 131 ill 58 46 100 85 
II 1 0 110 105 128 122 58 45 104 95 
2 2 129 113 149 121 42 95 

3 4 122 126 147 143 63 47 101 93 

4 7 128 125 150 146 62 46 112 ay 

5 7 127 126 145 144 55 56 107 90 

6 7 125 129 144 142 55 51 100 91 


Average (4, 
5, 6) 7 127 127 146 144 57 51 106 93 


* Diet 113 contained fat having a high iodine number. All the rats had 
been fed Diet 41, which contained fat having a low iodine number, for 14 
days before being killed (Group I and Rat 1 of Group II) or placed on 
Diet 113. 


therefore desaturation of fatty acids occurs to a large extent in 
the liver. 

While the number of animals observed on the diet containing 
fat with a high iodine number is too small to admit of final conclu- 
sions, it is definitely indicated that even in severe liver damage 
the ingestion of highly unsaturated fatty acids can restore to some 
extent the decreased unsaturation of tissue fatty acids brought 
about by liver injury. Thus (Table I), total and phospholipid 
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TaBe II 
Iodine Numbers of Fecal Fatty Acids 
The fatty acids of the diet had an average iodine number of 41. 






































Group I Group II 
Days | ——-.—-- - Daily 
on diet} Rat No. st nb ate Rat Ne Bik inw 
fa ]#{s|e]s els |s sielsle 
Normal | 2 | 52) 47 52 | 47) 41 | 51| 50 | 51, 55 49 38 41 48 
rats 4 | 53 | 48 44 | 51) 44 | 45 54 | 50 54| 41 36 39 47 
| 7 | 49| 43 48 | 50 44 | 48 50 | 48 50 | 44 47 40) 47 
| 9 | 50 | 45 49 | 50 43 | 48 48 51 53 48 49 43) 48 
11 | 58 | 46 45 | 56 49 | 46 58 | 42) 57 | 45, 49 | 41) 49 
| 14 | 47 | 40 46 | 45 46 | 46 58 | 58 50 | 55, 48 | 47) 49 
iieeateierene iemeiemiemetaesd ooelennincersteed etl ——1—1-—<ie 
Average... 51 | 45, 47 | 49 44 | 47 53 | 52 53 | 47 45 | 42 
—— ee - ‘ae bas —_— an ee ——_— 
Treated | 2 | 37 | 25 35 | 35 36 | 31 43 | 36 47 | 35 45 39 37 
rats | 4 | 43 | 34 40/| 45 34 | 39) 39 39 38 | 35, 35 | 40 39 
(CCl) | 7 88 | 33) 46 | 37) 38 | 35) 35 | 35) 40 | 34 37 | 33) 37 
| 9 | 31 | 28 38 | 39 30 | 37 36 | 39 46 | 24) 37 | 42 36 
11 | 39 | 36 43 | 40 41 | 30 41 | 41| 43 | 37 36 | 32 38 
| 14 40 | 29 46 | 40 34 | 40 43 | 38 46 | 35 30 | 43) 39 
Average........ 38 | 31) 41 | 30 36 | 35 40 | 38, 43 | 33, 38 | 38 
400 
erate Ieee 
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Fic. 1. Change in iodine number of fecal fatty acids of rats on diets of 
low and high iodine numbers. 
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fatty acids of the liver are brought to normal iodine values. The 
rise in iodine number of the fecal fatty acids (Fig. 1) is propor- 
tionate to the rise observed in normal animals, but the values do 
not reach normal levels. (As before, the constancy of the obser- 
vations concerning the fecal fatty acids (twenty-four observations 
on ten animals) strongly supports the conclusions given above.) 
From this last observation it is concluded that the fatty acids 
found in feces are not from unabsorbed food fat, for in that case 
the iodine number of these acids from the treated animals should 
have equaled normal values when the fat with high iodine number 
was fed. Also, the normal values should have equaled the iodine 
number of the ingested fatty acids, but were actually higher when 
the fat with low iodine number was fed, and lower when that with 
higher iodine number was ingested. Fecal fatty acids must 
therefore represent excreted fat, ingested fat apparently being 
absorbed 100 per cent even when severe liver damage exists. 


SUMMARY 


1. Liver injury causes a decreased iodine number of the total 
and phospholipid fatty acids of the liver and carcass and of the 
total fatty acids of the feces of male albino rats, when a diet con- 
taining a fat of low iodine number is fed over a period of 2 weeks. 
It is concluded that desaturation processes occurring in the liver 
are deranged. 

2. When such animals (with liver injury) ingest for 1 week a 
diet containing more unsaturated fatty acids, the iodine numbers 
of the liver fatty acid fractions rise to normal values. 

3. Evidence is presented which supports the theory that fecal 
fatty acids are largely excreted, rather than unabsorbed food 
fatty acids. 
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DENATURATION AND MOLECULAR SPLITTING OF EGG 
ALBUMIN BY ULTRAVIOLET RADIANT ENERGY* 


By F. W. BERNHART 


(From the Laboratory of Physiological Chemistry, University of Minnesota 
Medical School, Minneapolis) 


(Received for publication, January 12, 1939) 


Denaturation of proteins, either in solution or in the dry state, 
is a well recognized effect of ultraviolet radiant energy (Bovie 
(1), Stedman and Mendel (2), and Clark (3)). That breakage of 
the polypeptide chain, with the formation of secondary protein 
derivatives, also occurs during ultraviolet irradiation is indicated 
by the results of Becker and Szendré (4), Spiegel-Adolf (5), and 
Mitchell (6). Boyd (7) found that the formation of protein 
split-products during ultraviolet irradiation of fibrinogen and 
serum albumin occurred only in the presence of oxygen and a 
photosensitizer. No demonstrable amounts of secondary protein 
derivatives were found upon irradiation of egg albumin. The 
present findings disagree with Boyd’s results in regard to egg 
albumin. The data presented in this paper deal with the kinetics 
of denaturation and molecular splitting of egg albumin, due 
to ultraviolet irradiation, in solutions exposed to air and under 
nitrogen. 


Methods and Apparatus 


A Burdick air-cooled quartz mercury arc was used as a source 
of ultraviolet radiant energy. This instrument was operated with 
a voltage drop of 70 volts across the are. All solutions were ir- 
radiated at a distance of 19.5 em. from the light source. Two 
ultraviolet quartz mercury ares varying greatly in efficiency were 
used during the experimental work. A constant temperature of 


* The data in this paper are taken from a thesis submitted by the author 
to the Graduate School of the University of Minnesota in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 
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25° + 1° in the irradiated solutions was maintained by the use of a 
constant temperature water bath. 

Egg albumin was crystallized and recrystallized twice by Cole’s 
(8) method. Salts were removed by simple dialysis, followed by 
electrodialysis, with the apparatus described by Bernhart, Arnow, 
and Bratton (9). The product, dried over P,O;, contained 15.13 
per cent nitrogen, as determined by the Kjeldahl method. After 
heating a solution of the egg albumin for 20 minutes in a boiling 
water bath, 98.0 per cent of the total nitrogen was found in the 
isoelectric precipitate. This result agrees closely with the per- 
centage of heat-coagulable protein in crystalline egg albumin 
solutions, 97.8, found by Bull (10). 

Egg albumin solutions (7 to 8 per cent), stored at 5-7° and 
preserved with a toluene-paraffin oil layer, were removed from 
the storage flask by a bottom side arm to prevent contamination 
from the surface layer of preservative. An accurately measured 
volume (about 10 cc.) was diluted to 100 cc. with distilled water 
and a definite volume of dilute HCl or NaOH. The pH of this 
solution was determined by the glass electrode and the egg albumin 
concentration estimated from nitrogen determined by the Kjeldahl 
method. Identical fresh solutions were prepared immediately 
before each irradiation. 

18.1 ce. of egg albumin solution were placed in quartz test-tubes 
(20 X 130 mm.) of approximately 25 cc. capacity. Rubber 
stoppers fitted with bent glass tubes which allowed free entrance 
of, air were inserted. When the irradiations were carried out 
under nitrogen, the dissolved oxygen was removed by evacuation 
and water-saturated nitrogen was bubbled through the solution. 
0.02 cc. of n-heptyl alcohol was added to prevent surface denatura- 
tion of the egg albumin (see Bull and Neurath (11)). 

Protein insoluble at the isoelectric point was determined by 
titrating the irradiated protein solution to pH 4.8 by means 
of the glass electrode. The contents of the electrode vessel were 
transferred to a tared, Jena, sintered glass filter crucible (porosity 
No. 2) and filtered with suction. The precipitated protein was 
washed twice with 10 cc. portions of water, dried at 105° to con- 
stant weight, cooled in a desiccator, and weighed. 
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EXPERIMENTAL 


After irradiation of identical samples of egg albumin solutions 
for various lengths of time, the protein solutions were titrated to 
pH 4.8 and the weight of precipitated protein was determined. 
Three series of protein solutions of different initial pH values were 
irradiated in contact with air and one series was irradiated under 
nitrogen. 

Examination of the data showed there were no instances in 
which 100 per cent of the heat-coagulable protein of the solution 
was insoluble at the isoelectric point. The amount of protein 
insoluble at the isoelectric point reached a maximum after a few 
hours of irradiation and then decreased slowly. These results 
indicate that denaturation of egg albumin by ultraviolet light does 
not follow a simple first order process, as described by Clark (3). 
Apparently two opposing processes are occurring at the same time. 

If the assumptions are made that (1) denatured protein, in- 
soluble at pH 4.8, is formed by a first order process from un- 
denatured protein present, and (2) protein derivatives, soluble 
at pH 4.8, are formed at a first order rate from denatured protein 
present, then 


dD/dt = kkS — k,D (1) 


where D = denatured protein present at time ¢ 

t = time in hours 

S = undenatured, unhydrolyzed protein present at time ¢ 

k, = first order velocity constant of denaturation 

k, = first order velocity constant of formation of isoelectric-soluble 

protein derivatives 
Now 
S = Soe*' (2) 


where So = total heat-coagulable protein; also undenatured, 
unhydrolyzed protein at ¢ = 0. Then, with Equation 2 substi- 
tuted in Equation 1, 


dD/dt = k,Sye~*;* — kD (3) 
On integration Equation 3 yields 


D = Solent — (4) 














292 Egg Albumin Irradiation 


The unknowns in this equation are k; and k,. Data were taken 
from several points on the denatured protein-time curves and the 


Tass I 
Weight of Protein Precipitated at pH 4.8 after Irradiation 


Description of experiment a: a, oF Observed Calculated 

Ars. mg. mg. 

Ultraviolet Are 1W, egg albumin Air 6 55 55 
concentration 8.1 mg. per cc., ini- 12 92 88 
tial pH 3.94, ki = 0.08, ky = 24 114 | 119 
0.0017, So = 144 mg. 36 124 130 
48 130 132 

72 131 130 

96 124 125 

144 114 115 

240 100 98 

Ultraviolet Arc 1W, egg albumin " 6 37 39 
concentration 8.1 mg. per cc., ini- 12 67 66 
tial pH 9.03, k; = 0.053, k, = 24 102 98 
0.0026, So = 142 mg. 36 116 114 
48 114 | 120 

72 115 120 

144 96 102 

240 87 80 

Ultraviolet Arc 28, egg albumin “a 5 82 83 
concentration 7.6 mg. per cc., ini- 10 116 111 
tial pH 6.40, k, = 0.20, k, = 0.010, 12.5 123 116 
So = 137 mg. 15 118 117 
20 121 116 

25 106 lll 

35 95 101 

41 97 96 

Ultraviolet Arce 2S, egg albumin N:2 10 109 112 
concentration 7.6 mg. per cc., ini- 20 130 128 
tial pH 6.40, ki = 0.18, ky = 40 118 126 
0.0024, Sy = 137 mg. 52 123 122 
80 113 114 

100 108 109 

140 lll gy 


190 93 88 


resulting equations solved for k; and k;. The agreement between 
calculated and experimental values is shown in Table I. 

The calculated values approximate the analytical values fairly 
satisfactorily. This agreement between experimental and cal- 
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culated values indicates that the radiant energy processes occurring 
during ultraviolet irradiation are similar or identical in nature to 
those assumed to occur. The calculations of Lewis (12) indicate 
that, at pH values of 3.94, 6.40, and 9.03, the protein denaturation 
due to acid or base will not interfere in calculations of the protein 
denatured by ultraviolet light. 

Probably the pH change in the irradiated solutions is a compli- 
cating factor, causing some change in the first order velocity 
constants. The best agreement between calculated and experi- 
mental values is in the series at initial pH 3.94. The greatest 
change observed in this series was +0.33 pH. The poorest agree- 
ment between the theoretical and experimental data is in the 
series at pH 9.03, in which the greatest change observed was 
—3.81 pH. The greatest change of pH observed in the series 


Taare Il 
Nitrogen Partition after Irradiation 


Not pptd., 


- Ti Ultraviolet | Pptd. at pH er 
Initial pH | je padinted om | meg cs la Dialyeablo net dilyenble, 
— . hrs. } ae. mg. mg. 

9.03 240 1W 60.2 36.5 4.3 

3.43 178 28 37.7 59.0 

4.24 75 28 79.3 12.9 10.5 


under nitrogen, initial pH 6.40, was +1.28 and in the parallel 
series irradiated in contact with air —0.73. 

After the denatured protein had been precipitated isoelectrically, 
the filtrates of the irradiated solutions were investigated. The 
filtrates, following short periods of irradiation, contained un- 
denatured egg albumin which could be precipitated by heat or 
sulfosalicylic acid. After longer irradiation no heat-coagulable 
protein could be demonstrated in the filtrate. Filtrates were 
investigated after long periods of irradiation to insure the absence 
of undenatured protein. 

The filtrate materials were soluble at pH 4.8, were not heat- 
coagulable, and did not form a precipitate upon addition of sulfo- 
salicylic acid. The biuret test was positive and the addition of 
tannic acid resulted in the formation of a voluminous precipitate. 
A slight precipitate formed when the solution was half saturated 
with ammonium sulfate. This precipitate was not materially 
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increased upon saturation of the solution with ammonium sulfate. 
These tests indicate the presence of secondary protein derivatives. 
Aliquots of the filtrate and washings were dialyzed under toluene 
through Visking sausage casing for 36 to 48 hours in a small 
continuous extraction dialyzer, similar in design to the apparatus 
described by Bernhart, Arnow, and Bratton (9). H»SO, was 
placed in the distillation flask to retain nitrogen. The dialyzable 
nitrogen was determined by nitrogen analyses of aliquots of the 
distillation flask contents. The non-dialyzable nitrogen was 
determined by washing the Visking casing with 0.025 n NaOH 
and analyzing an aliquot of the resulting solution for nitrogen. 
The results obtained are shown in Table II. 


DISCUSSION 


After ultraviolet irradiation of egg albumin it is possible to 
demonstrate in the filtrate at the isoelectric point the presence 
of products which can be dialyzed. The precipitation reactions 
of these products indicate that they are secondary protein deriva- 
tives. The most logical assumption concerning their formation 
is that they are the result of the breakage of the polypeptide chain. 

Mirsky and Pauling (13) believe denaturation caused by ultra- 
violet radiant energy is a process different from denaturation by 
the action of heat or chemical denaturants. Denaturation by 
ultraviolet light, according to Mirsky and Pauling, is caused 
primarily by a photochemical breakage of the polypeptide chain. 

If denaturation and hydrolysis are both due to the same cause 
(breakage of the polypeptide chain), it might be expected that a 
constant ratio between the first order velocity constant of de- 
naturation and hydrolysis would be observed in these experiments. 

The velocity constants of denaturation in samples of the same 
solution (pH 6.40) irradiated under identical conditions, some of 
which were irradiated under nitrogen and others in contact with 
air, were found to be similar (0.20 and 0.18). The velocity con- 
stants of formation of protein derivatives in the two series of 
irradiations were widely different. 

In the solutions having access to air this constant was found to 
be 0.01 and in the solutions covered by nitrogen it was found to be 
0.0024. The difference in the ratios between the constants of 
formation of protein derivatives and the constants of denaturation 
in the two series due presumably to presence or absence of oxygen 
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indicates that the radiant energy reactions resulting in denatura- 
tion and formation of secondary protein derivatives are different 
in character. The denaturation reaction or reactions are ap- 
parently independent of the presence of oxygen, whereas the 
second reaction or reactions are influenced considerably by the 
presence of oxygen. The large differences in the ratios of the 
two constants caused by variations in initial pH value also in- 
dicate that denaturation and molecular splitting are due to 
different processes. 
SUMMARY 


1. Secondary protein derivatives are formed by the ultraviolet 
irradiation of egg albumin at 25°. 

2. The weights of egg albumin precipitated at the isoelectric 
point after ultraviolet irradiation follow closely the theoretical 
values obtained from an equation which assumes that denatured 
protein is formed by a first order process and that isoelectric-solu- 
ble protein derivatives are formed from the denatured protein 
by a first order process. 

3. The presence of oxygen has little influence on the velocity 
constant of denaturation caused by ultraviolet radiant energy. 
The velocity constant of the formation of protein derivatives 
which are soluble at the isoelectric point is increased by the 
presence of oxygen. 


The author wishes to thank Dr. L. Earle Arnow for his assistance 
in the interpretation of the data presented in this paper. 
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THE DEPOSITION OF POTASSIUM AND PHOSPHATE 
WITH GLYCOGEN IN RAT LIVERS 


By W. O. FENN 


(From the Department of Physiology, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York) 


(Received for publication, January 17, 1939) 


In an attempt to investigate the rdle of the liver in absorbing 
injected potassium it became important to know the effect of 
variations in glycogen content on the potassium concentration 
in the liver. Concerning the glycogen, there is clear evidence 
that it is deposited with such an amount of water that the per- 
centage of water in the whole liver does not change appreciably. 
This at least is the case in rabbits (MacKay and Bergman, 1932; 
Bridge and Bridges, 1931, 1932) and in rats (Puckett and Wiley, 
1932). In dogs, strangely enough, there seems to be equally 
good evidence that glycogen, like fat, is deposited in the liver 
without water. The water content of the dog liver, according 
to the data of Kaplan and Chaikoff (1936), is accurately deter- 
mined by the amount of protein present. There is, therefore, 
some difference of opinion with regard to the relation between 
glycogen and water storage and there seems to be no evidence to 
show how potassium would vary with varying amounts of gly- 
cogen. 

In this paper are reported the results of some experiments which 
were designed to show whether glycogen is deposited with water 
in the liver of rats and whether this additional water is accom- 
panied by the same amount of potassium as is usually found in 
intracellular liver water. Three groups of rats were used, (1) 
normal, (2) fasted, (3) fasted and then fed large amounts of carbo- 
hydrate. The results show clearly that under the conditions of 
these experiments the glycogen is deposited with both water and 
potassium. 
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Methods 


Normal adult rats were used from the stock colony. Some 
were fasted for 48 hours. After a similar period of fasting others 
were fed for 20 hours with corn-starch and sucrose ad libitum. 
Water was available at all times. A salt solution was also avail- 
able during this feeding period which contained the salts of 
Ringer’s solution in 10 times the usual concentration. This 
was supplied on the theory that it might be impossible to deposit 
potassium with glycogen unless a source of K was made available 
in the diet. Water without salt was also available at all times. 
Males and females were used indiscriminately in about equal 
numbers. 

The rats were killed by stunning and the throat was quickly 
cut over a funnel so that the blood could be collected in a centri- 
fuge tube with heparin. The blood was centrifuged and the 
plasma was analyzed for chloride and occasionally for K. After 
the animal was bled to death the liver was removed. Pieces were 
cut off and blotted rather firmly to remove blood. As quickly 
as possible the first sample was dropped into a weighed tube 
containing hot KOH for glycogen. Two separate samples were 
weighed on a torsion balance and put into platinum crucibles to 
be ashed for K analyses. After ashing, aliquots from each sample 
were analyzed in duplicate. Sometimes a similar sample was 
taken for Na analysis. One or two samples were taken for chlo- 
ride analysis and one sample in a weighing bottle for water, fat, 
and protein nitrogen. This sample was first dried to constant 
weight in an oven at 100°, then extracted as described by Hastings 
and Eichelberger (1937) with dry ethyl ether and petroleum ether, 
the loss of weight being taken as an approximate measure of neu- 
tral fat... After fat extraction the remainder was analyzed for 
total nitrogen by the macro-Kjeldahl method and the protein 
content was calculated by the use of the factor 6.25 as determined 
by Addis et al. (1936). The nitrogen content of this sample was 
regularly a little less than the total nitrogen content of the fresh 
liver, which was also determined in most instances. This differ- 
ence presumably represented most of the non-protein nitrogen. 


1On account of the large size of the dried samples used for this fat ex- 
traction it became evident that the results obtained with this method were 
too low. For this reason they are not reported. 
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In the early experiments an estimate was also made of blood 
remaining in the liver. This was done by cutting a small weighed 
sample of the liver as finely as possible in a known volume of 
isotonic NaCl solution. After this suspension had settled for 
a few seconds, a sample of the supernatant was taken and the 
number of blood corpuscles was counted with a hemocytometer. 
From the red cell count of rat blood and the volume of the solution, 
the blood in the liver could be calculated. Values varying from 
0.7 to 3 per cent of the liver were obtained. If the animal was 
not bled to death before sampling, the results were 3.7 and 5.2 
per cent. No correction was made for this blood, the plasma 
being included in the extracellular water and the cells in the cell 
water automatically. The small error due to chloride in the cells 
is of no significance. 

Chlorides were determined by the method of Van Slyke as 
modified by Manery, Danielson, and Hastings (1938) and potas- 
sium by the method of Shohl and Bennett with the minor modifi- 
cations described by Fenn et al. (1938). Sodium was estimated 
by the gravimetric method of Butler and Tuthill (1931), rather 
large amounts of tissue being required. For glycogen the method 
of Good, Kramer, and Somogyi (1933) was used, the sugar being 
titrated by the method of Shaffer and Somogyi (1933). One 
aliquot was subjected to yeast fermentation and only the fer- 
mentable fraction was included as glycogen. Phosphorus was 
determined by the methods of Fiske and Subbarow (1929), the 
inorganic P being separated by precipitation with CaCh. For 
total P a separate sample was completely ashed in H,SO, and 


H,0.. 
Results 


The analytical results are given in Table I. Figures from six 
normal, four fasted, and eight sugar-fed rats are included. Water 
contents were not significantly different in any of the groups. 
Neither water nor potassium per gm. of wet weight appeared 
significantly changed by either fasting or feeding, although the 
glycogen varied from 0.1 to 14.6 per cent. This is shown by the 
graphs of Fig. 1 where water contents and potassium contents are 
plotted against the amount of glycogen. The deposition of glyco- 
gen as dry inert matter without other change in the liver would 
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TABLE I 








Analyses of Rat Livers, per 100 Gm. of Wet Weight 
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a RSC: | wr a | z £\é | 38 
Normal 
| lm) | id lam | . ee 
jm | Se) om | om gm. | m.eq. | m.eq. | m.eq "per per | om. | om. 
| weight) | ! | 
1 | 293 | 3.0 | 70.2, 3.1 20.8*| 9.74 9.74) 2.8410.6 0.60 25.7 | 44.5 
3 2 | 228 | 3.5 | 68.9) 2.6 23.4 9.47, 9.64 2.81 10.87 24.8 | 44.1 
j 3 180 | 3.6 69.3, 4.0 21.1 10.19 9.92 2.71 10.34 25.1 | 44.2 
4 | 190 | 3.7 | 69.1, 4.8 20.4 | 9.72) 9.77 2.46 10.18 | 23.2 | 45.9 
5 | 233 | 3.8 | 69.1, 3.6 22.4 | 9.72, 9.70 2.30 10.22, 0.67 21.6 | 47.5 
6 | 192 | 3.8 | 69.2) 4.6 21.7 | 9.41, 9.43 2.23 9.85 | 21.7 | 47.5 
(219 | 3.6 | 69.3 3.8 21.7, 9.70 | 2.66 10.34 23.7 | 45.6 
Fasted 
7 | 162 | 2.4 | 68.4 0.2 (23.0 (10.33, 9. 85! 2.78110.07\ 0. 67 26.5 | 41.9 
8 | 138 | 3.0 70.8) 0.5 22.7 9.52 9.92 2.8410.18 26.8 | 44.0 
9 | 185 | 2.4 | 70.9 0.1 23.8*10.3810.20 3.1010.03 =| 29.6 41.3 
10 | 167 | 2.6 71.3 0.1 (22.1 10.45 10.54 3.32 10.38 30.0 | 41.3 
163 2.6 | 70.4 0.2 22.9 | 10. al 3.01 10.16 28. 3 | 42.1 
Sugar- fed 
‘ 11 | 161 4.3 | 68.4 8.2 |17.7. 9.74) 9.62] 2.54! 9.78| 0.65! 26.8 | 41.6 
, 12 | 213 4.0 | 67.912.2 ‘14. A 9.31 9.24 2.9810.1 | 0.65 28.4 | 39.5 
i 13 | 165 | 3.5*) 69.413.3 13.8 9.39 9.34, 2. 84) 9. 79 27.9 | 41.5 
4 14 | 176 | 3.7 | 69.611.6 13.3 9.9210.1 | 2.54 9.92 24.7 | 44.9 
15 | 181 | 4.5 | 68.811.1 |14.4 9.89 9.28 2.46 10.72 22.0 46.8 
: 16 | 190 | 4.2 | 69.711.6 | 9.14, 9.80, 2.5810.11 (22.9 46.8 
; 17¢ | 165 | 6.4 | 69.714.1 12.1 | 9.62 9.26 2.58 24.7t 45.0 
4 18t | 165 | 5.9 | 68 814.6 (13.4 | 9.55 9.10 2.02 10.04 19.3 49.5 
: 177 | 4.6 69 012.1 14.1 9.62 2. 6710. 01 24.6 44.5 
The figures in bold-faced type represent averages. 
* Total N X 6.25. 
t Fed with casein and sugar. 
; t Calculated from average plasma chloride. 
% result in a decrease in the concentrations of water and K accord- 


ing to the straight lines marked “dry.” If, however, glycogen is 
deposited together with the same amounts of water and K as are 
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normally associated with other liver solids, then there should be 
no change in the concentration of either water or K as the gly- 
cogen increases. There seems to be a slight decrease in both H,O 
and K as the glycogen increases from the fasting to the normal 
level, but this change is probably not significant. Figures in 
addition to those in Table I were obtained from two other rats, 
one normal and one fasted, the latter giving lower values for both 
K and H.O. In these animals the K (per 100 gm., dry weight) 
was 1.18 in the fasted and 1.22 in the normal rat, while the H,O 
(per cent wet weight) was 74 in the normal and 72.7 in the fasted 
animal. 
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Fic. 1. The deviation of the experimental points from the straight line 
(“dry’’) represents (A) the amount of water deposited with the glycogen, 
(B) the amount of potassium deposited with the glycogen. 


It is frequently observed that liver fat increases in fasting and 
this might diminish or mask an increase in both H,O and K. 
Unfortunately no satisfactory figures for total liver lipids are 
available for the animals of Table I, but in four other animals 
similarly treated, two normal livers showed 5.47 per cent, and two 
livers from fasted rats showed 5.49 per cent total lipids. These 
are averages of duplicate analyses for each of which a hot alcohol 
extract plus an ether extract of the fresh ground-up livers was 
dried and reextracted with petroleum ether. Best and Ridout 
(1938) state that “stock male rats, weighing approximately 200 
gm. usually do not exhibit an increase in liver fat during a 48 
hour fast.” It is impossible to believe, therefore, that the liver 
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fat could have varied sufficiently to modify significantly the 
interpretation of the data. The essential constancy of both K 
and H;O even at high glycogen levels indicates, therefore, that 
glycogen is deposited along with both K and H,0 in appropriate 
amounts. 

A similar conclusion is reached if the protein percentage is 
plotted against the glycogen, as in Fig. 2. If the glycogen is 
simply inert matter added to the liver, then the protein percentage 
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Fic. 2. The straight lines are drawn on the assumption that glycogen is 
deposited ‘‘with water’’ or “‘dry,’’ the protein remaining unchanged in 
absolute amount. The experimental points show that protein is simply 
diluted by the deposition of glycogen plus water. 

Fic. 3. Phosphorus fractions as affected by glycogen deposition. The 
straight line marked ‘‘no addition of P’’ represents the concentration of 
total acid-soluble P expected if the amount present in the absence of glyco- 
gen were simply diluted by the deposition of glycogen plus water. The 
deviation of the experimental points from this line represents the amount 
of P which is deposited with the glycogen. 


should decrease according to the upper straight line. If, however, 
1 gm. of glycogen is deposited along with 2.33 cc.? of water, then 
the protein percentage should decrease according to the lower 
straight line. Actually, the experimental points fall closely 
about the latter line, thus confirming the essential correctness of 


? In a liver containing 70 per cent water each gm. of dry liver has 2.33 
ec. of water associated with it. Puckett and Wiley (1932) have concluded 
that 1 gm. of glycogen is stored with 2.4 cc. of H,0. 
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this interpretation. A very similar plot may be obtained from 
the data of Bridge and Bridges (1931) for rabbits, showing that 
in this animal as well as in the rat the deposition of glycogen 
involves an increment in the amount of liver tissue which is 
much in excess of the actual weight of glycogen added. 

The data so far presented might conceivably be explained if 
glycogen were deposited in exchange for an equal weight of pro- 
tein. This interpretation, however, is essentially improbable and 
it will not explain the considerable increase in the size of the liver 
in per cent of the body weight shown for the carbohydrate-fed 
rats in Table I where the liver increases from 2.6 to 4.6 per cent 
of the body weight are reported. Assuming a 160 gm. fasting 
rat with a liver of the average size and composition indicated in 
Table I, it may be calculated that an increase in glycogen from 
0.2 to 12.1 per cent (average for fed rats) by the deposition of 
glycogen plus water (2.33 cc. per gm. of glycogen) would increase 
the size of the liver from 2.6 to 4.3 per cent of the body weight. 
This figure is not significantly different from the average liver 
weight of 4.6 per cent actually observed (4.1 per cent if the last 
two rats which also received some casein are omitted). To at- 
tain the same glycogen content by deposition of glycogen without 
water the liver would have increased only to 2.95 per cent of 
the body weight. 

In the case of Rats 17 and 18, Table I, some casein was mixed 
with the carbohydrate of the diet. This resulted in a still greater 
increase in liver weight up to 5.9 and 6.4 per cent of the body 
weight, possibly because more food was eaten. 

From the chloride determinations in liver and plasma, the 
chloride spaces have been calculated for the three groups of ani- 
mals. The results in Table I show perhaps a slight increase 
from 24 up to 28 per cent of the liver weight due to fasting but the 
value in the livers of fed animals is normal (24.6 per cent). From 
these figures it is evident that as the liver increases in size from 
2.6 to 4.6 per cent of the body weight by enlargement of the cells, 


*Chloride space = 100 X 0.96 (liver chloride)/(plasma chloride), 
where 0.96 is the expected ratio of tissue space Cl to plasma Cl on the 
basis of a Donnan equilibrium, 
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the extracellular spaces increase in the same proportion.‘ Of 
the 2.33 cc. of water deposited with each gm. of glycogen, approxi- 
mately 0.8 cc. is not actually with the glycogen but is extra- 
cellular. If all of the water had been extracellular, the chloride 
spaces in the livers of fed rats would have been about 45 per cent 
instead of 25 per cent. If on the other hand, there had been no 
increase at all in the extracellular phase during the growth of the 
liver, the chloride space would have been only 16.9 per cent in 
the livers of fed animals. The significantly larger chloride space 
actually found cannot be accounted for by increase in blood sup- 
ply because of the small amounts of blood found in the exsan- 
guinated samples. 

Since the percentage chloride space does not change signifi- 
cantly with increase in glycogen, it follows that the cell water 
remains similarly constant, there being only a slight decrease in 
the case of fasted animals (last column of Table I). The potas- 
sium being also slightly higher in these animals, it is evident that 
the concentration of K per liter of cell water is slightly higher in 
fasting. This would be expected, since a larger fraction of the 
potassium in these livers is combined with protein, which is rela- 
tively inactive osmotically, the deficit being made up by more 
cations. 

Since the chloride space remains constant during glycogen 
deposition and growth of the liver and since the cells grow by 
intake of water and potassium but without change in protein, it 
is evident that some other anion must have been taken in to 
combine with the K. This anion is presumably phosphate, as is 
shown by results on a second series of rats which were fasted and 
fed in the same way as those reported in Table I, their livers being 
analyzed, however, only for glycogen, inorganic P, total acid- 
soluble P, and total P. The data were obtained from four nor- 
mal, four fasted, and three sugar-fed rats. Duplicate determina- 
tions were made in every case. No large changes in either inor- 
ganic or total acid-soluble fractions were found, as is shown by 
the graphs of Fig. 3. The amount of total acid-soluble P which 
was added during the deposition of glycogen is indicated by the 


‘ Evidence that chloride really represents extracellular water will be 
published shortly from this laboratory by Truax. 








eo «|. _ — -« 











W. O. Fenn 305 


deviation of the experimental points from the straight line which 
marks the position of the graph which would have been expected 
had the original acid-soluble P been merely diluted by the addi- 
tion of glycogen and water. Average figures from these same 
animals are shown in Table II, where values for total P are also 
given. There is a definite decrease in total P as glycogen in- 
creases. Since the total acid-soluble P remains practically con- 
stant, the acid-insoluble P decreases even more than the total P. 
The acid-insoluble P is evidently diluted by the glycogen and the 
water just as the protein is. This is shown clearly in Table LI, 
where the values of acid-insoluble P are calculated on the as- 
sumption that the amount present in the livers of fasted animals 
remains unchanged during the deposition of glycogen and water. 


Tass Il 


Average Phosphorus Fraction and Glycogen in Rat Livers, per 100 Gm. 
of Fresh Liver 


P per 100 gm. fresh liver 


Total Acid-insoluble 


rete pew eee Weight slye 
Condition of animal | of liver Glycogen —_ acid “00. 
ganic =. Bolu Ob- | Caleu- 
ble served | lated 
per cent | 
| body per cent | mg. mg. mg. mg. mg. 
weight 
Fasted.. 2.8 0.04 39 102 | 417 | 315 | 315 
Normal | 3.2 4.7 22 | 104 373 | 269 | 260 
Fed... | 4.5 | 9.6 | 29 | 111 | 299 | 188 | 214 


The differences between the calculated and observed values are 
not significant. 

Sodium was determined in a few cases and the ratio of Na:Cl 
was found to be 0.92 and 0.88 in two normals, 0.89 in a fasted 
rat, and 0.73 in one on a high glycogen diet. This indicates less 
Na than Cl in the chloride spaces or the presence of Cl in some 
cells where K rather than Na is the chief cation. 

It is now well known that when the glucose concentration de- 
creases in the blood after insulin, the K and phosphate concen- 
trations decrease likewise. Assuming a valence of 2 for phos- 
phate, the amounts of these two substances which disappear from 
the blood are usually approximately equivalent. (Recalculation 
of data of Harrop and Benedict (1924), of Briggs, Koechig, Doisy, 
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and Weber (1923-24), and of Kerr (1928).) The number of 
equivalents of sugar disappearing in the same time is frequently 
not far from the same order of magnitude. This suggests the for- 
mation of a potassium hexosephosphate, although it is based only 
upon net changes in the blood. In the rat livers, however, the 
amount of glycogen deposited is far greater (in equivalents) than 
the amount of K deposited along with it, so that only a very 
small fraction, if any, can be in the form of K hexosephosphate. 
These experiments afford, nevertheless, a possible explanation 
for this observed connection between potassium and carbohydrate 
metabolism. 

It must be concluded from these experiments either that rats 
and dogs differ in their method of deposition of glycogen or that 
under some conditions glycogen can be deposited without water. 
It seems possible that the glycogen might become more dry and 
better condensed after remaining in the liver for longer periods of 
time. This might explain the results of Kaplan and Chaikoff 
(1936) who produced changes in liver composition chiefly by the 
slower process of hormone administration. 


SUMMARY 


Rat livers were analyzed for H,O, N, glycogen, fat, Cl, Na, K, 
inorganic P, acid-soluble P, and total P, and the blood plasma for 
Cland K. Glycogen was varied from 0 to 14 per cent by fasting 
and carbohydrate feeding. Analysis of the results shows that 
glycogen is deposited with the same amount of H,O, K, and acid- 
soluble P as is found associated with the other solids of the liver. 
The extracellular or connective tissue phase (chloride space) in- 
creases in proportion to the increase in the size of the cells. The 
liver increases in size more than can be explained by the addition 
of glycogen only. Protein and acid-insoluble P remain unchanged 
in absolute amounts but their concentrations are diminished by 


dilution with glycogen and water. 


I am indebted to Doris Cobb Marsh and Miss Eugenia Sheridan 
for much of the analytical work reported in this paper and to Miss 
Lorraine Haege for assistance with the phosphorus analyses. 
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THE DISTRIBUTION OF POTASSIUM IN THE CAT 
AFTER INTRAVASCULAR INJECTION 
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(Received for publication, February 6, 1939) 


The idea that tissue cells, like red blood cells, are impermeable 
to potassium has now been generally discarded in favor of the 
theory that potassium can penetrate freely into all tissue cells. 
For the present it seems safer to take a middle ground and to 
assume that while some of the tissue cells are certainly permeable 
to potassium there may be others which are impermeable. The 
experiments to be reported in this paper were undertaken to throw 
light upon this question. 

The argument upon which the experiments are based is as fol- 
lows: If A mg. of potassium are injected into an animal of weight 
W kilos and the increase in the concentration of K in the plasma 
is x mg. per 100 cc. of plasma, then the volume of distribution of 
the potassium Vx is taken as 10 A/rW = Vx. If Vx > 30, then 
some of the potassium must have penetrated into some of the 
cells. If Vx > 70, then the injected K must have accumulated in 
some cells in greater amount than in an equal volume of plasma. 
If Vx = 70, this might be taken to mean that the increase in con- 
centration of K in the cell water is equal to x. It might equally 
well mean, however, that it is < z in some cells and > z in other 
cells. The latter would seem to be the more conservative con- 
clusion. 

Since this work was begun, Winkler and Smith (1938) have 
reported similar experiments in which it appeared that Vx = 70. 
Bourdillon (1937) reached a similar conclusion by experiments in 
which K was ingested. The experiments to be reported in this 
paper confirm this experimental finding and show also that values 
of Vx in excess of 70 may possibly be due to experimental error. 
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Experimental proof of the accumulation of injected potassium in 
certain cells is therefore lacking, although this probably occurs. 
In addition to yielding a valuable confirmation of previous reports 
these experiments furnish information concerning the time rela- 
tions of the disappearance of potassium from the blood after 
intravascular injection and suggest in addition that some of the 
potassium which disappears from the blood in 15 to 25 minutes 
after injection reappears again at 40 minutes before finally being 
absorbed. The significance of this rise is not apparent. 


Method 


Cats were usually anesthetized with dial (0.7 cc. per kilo injected 
intraperitoneally), but a few were decerebrated under ether. The 
potassium solutions described in Table I were injected during 2 
minutes into the common carotid artery or the popliteal vein. 
Blood samples (1.2 ec.) were taken from the carotid artery and 
mixed in the syringe with 0.5 mg. of dry heparin measured accu- 
rately in a special spoon. The heparin itself contained 1.57 mg. 
of potassium per gm., an amount insufficient to raise the plasma 
potassium concentration more than 0.2 mg. per cent. Food was 
removed from the animal cages 18 hours before an experiment and 
the potassium was injected 90 minutes after the beginning of 
anesthesia. 

Because of the effect of hemorrhage on blood potassium (Thaler, 
1935) it was necessary to take very small samples (0.45 cc. of 
plasma containing about 0.06 mg. of K). The potassium analysis 
of Shohl and Bennett as modified by Fenn and Cobb (1935) was 
further adapted by reducing the precipitating agents to 1 drop 
of N HCl and 0.06 cc. of 10 per cent platinic chloride. These 
were mixed with the dry ash in the centrifuge tube and precipi- 
tated in 1 ce. of absolute alcohol saturated with K,PtCl.. The 
precipitate was washed twice on the centrifuge with 0.6 ec. of the 
same alcohol. A thin glass rod identified with the sample was 
used for mixing. The washed precipitate was incubated with 
0.4 cc. of water and 0.5 cc. of 2 N KI and was titrated hot with 
0.0025 n Na,S.O; in a microburette graduated to 0.01 cc. Samples 
containing 0.45 cc. of plasma from a common pool were ashed and 
analyzed. The average deviation from the mean was 1.7 per cent 
and the probable error was +1.4 per cent of the mean. All the 
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blood samples were centrifuged for 15 minutes in tubes of 4 mm. 
inside diameter and 10 cm. length. The small changes in the 
cell volumes noted could not be correlated with the potassium 
injections, which amounted to only about 4 ec. per kilo of cat. 


Results 


The experimental results are shown in Table I. In most experi- 
ments the ureters were ligated and KCl was injected into the 
carotid artery. Variations from this procedure are indicated in 
Table I. The first three lines refer to control experiments without 
added K. Values of plasma potassium concentration are given 
before injection and at various times from 2 to 90 minutes after 
injection. The first three columns show the number of the animal, 
its weight, and the amount of K injected. From these figures the 
values of the last column have been calculated, these being the 
values of plasma K which would be expected if the injected potas- 
sium had diffused into all the body water or 70 per cent of the 
body weight. If observed values are at any time less than this, 
it would indicate an increase in K concentration in some cells 
greater than the increase observed in the plasma. While many 
isolated cases of this sort are observed in Table I, it seems possible 
to explain all of them (except perhaps in Cat 1) either as analytical 
error or as random fluctuation in the basal level of potassium in 
each experiment. 

In order to treat the results statistically, the initial potassium 
concentration in each experiment was subtracted from each of the 
subsequent concentrations and these differences were averaged 
together for different times after injection. This procedure was 
considered legitimate, because the weights of the cats and the 
amounts injected were nearly equal in all the experiments and the 
differences in procedure appeared to have had no effect upon the 
results. To obtain enough figures for valid statistical treatment 
of the averages those of the columns for 5 to 7 minutes and for 
10 to 12 minutes were combined, as were also the averages of the 
15, 20, and 25 minute columns, the 35 and 45, and the 60 and 90 
minute columns. These average figures together with the prob- 
able errors of the averages are given in the last line of Table I, 
and are plotted against time in Fig. 1. 

The middle curve in Fig. 1 represents the fall of potassium con- 
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centration in the blood toward the basal level, the length of the 
vertical line at each point representing the probable error of the 
mean. The curve is seen to reach a minimum in 15 to 25 minutes, 
then a maximum at the 35 to 45 minute point, with a second 
smaller fall at 60 to 90 minutes. The magnitude of this rise at 
40 minutes is 1.0 + 0.28 mg. per cent where 0.28 is the probable 
error of the difference between the minimum at 20 minutes and 
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Fig. 1. The average increase in concentration of K in mg. per 100 cc. of 
plasma at various times after injection. The straight lines drawn through 
each point represent, vertically, the probable error of the mean and hori- 
zontally the times for which averages were taken. Similar averages from 
three control experiments are shown in the lower graph. The dotted line 
shows volumes of distribution of K calculated from the corresponding 


average AK. 


the maximum at 40 minutes (0.28? = 0.2? + 0.2*). This differ- 
ence being 3.6 times the probable error, it may be concluded that 
there is only about one chance in 62 that this secondary rise is 
accidental and not representative of a real phenomenon. 

In Fig. 1 are also plotted the calculated volumes of distribution 
(Vx) of the potassium corresponding to the average plasma con- 
centrations observed, as well as the variations in plasma concen- 
tration observed in the three control experiments (lower graph). 
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None of the latter control differences is significant. The average 
volumes of distribution are all under 70 per cent, that at the 
minimum being 68, that at the maximum being 48 per cent. 
Isolated points in individual experiments of course give much 
higher values but cannot be proved significant. 

In nine experiments, as indicated in Table I, potassium was 
injected as KSCN and determinations for SCN were made in the 
plasma by the method of Lavietes et al. (1936). These showed a 
volume of distribution (Vgcey) of 34 per cent as compared to 
nearly 70 per cent for K. In one experiment the time courses 
of the diffusion of both K and SCN were followed and it was 
found that K reached a minimum in 14 minutes, while the SCN 
continued to decrease for 34 minutes. Potassium evidently pene- 
trates into the potassium (cell) space of the body at least as quickly 
as SCN penetrates into the chloride space. 


DISCUSSION 


The important feature of these experiments is the speed with 
which injected potassium disappears from the circulation. Hous- 
say and Marenzi (1937) have observed a similarly rapid disap- 
pearance from the blood of dogs. The absolute amount of potas- 
sium which disappears cannot be calculated from their experiments 
but in cats this calculation indicates that the potassium must be 
diffusing into some cells against the concentration gradient. Since 
it has to go against the concentration gradient, it seen s unlikely 
that the increase in concentration in the cells (AK,) will be the 
same as in the plasma (AK,). 

In the experiments of Fenn and Cobb (1934) frog muscles were 
analyzed for K after immersion in solutions of different K contents. 
At pH 7.2 (cf. their Fig. 1) it was found that the increase in con- 
centration of K in the muscle was 4.0 times the increase in the 
solution. Allowing for K in an extracellular space of 30 per cent 
and assuming that 50 per cent of the muscle was cell water, we may 
calculate that a unit increase in concentration in the solution will 
cause a 7-fold increase in the K concentration in the cell water 
(te. AK; = 7AKo). It is to be expected therefore that the same 
general relation would hold wherever K is penetrating into cells. 

Evidence has been presented that the initial rise in potassium 
concentration resulting from injection is followed by a secondary 
rise, as if the potassium were coming out of the tissues again. In 
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an effort to study this phenomenon many variations in experimental 
technique were tried, as listed in Table I. These included changes 
in the anion, the anesthetic, the injection site, kidney elimination, 
and pulmonary ventilation. None of these produced consistent 
changes in the course of the experiment. 

Data from Cat 18 (with kidneys intact) suggest that part of 
the potassium comprising this secondary rise came from endog- 
enous sources. During the first 90 minutes following injection, 
23 mg. of K appeared in the urine and the plasma potassium was 
still at the height obtained by distributing 25 mg. of exogenous 
K throughout the extracellular space (30 per cent of the cat). 
The difference between the sum of these values and the 35 mg. of 
K injected is 13 mg. of K, which must have come from some 
endogenous source. 

A release of liver potassium by adrenalin has been established 
(D’Silva, 1937; Houssay et al., 1936) and injections of potassium 
are known to liberate adrenalin (Hazard, 1933; Katz and Katz, 
1937). Injected potassium may therefore release additional endog- 
enous liver potassium. This, however, would occur during the 
first 5 minutes after injection—too soon to explain the secondary 
increase discussed here. 

In the literature may be found some further evidence of a potas- 
sium reappearance, as in the report of Winkler and Smith (1938). 
In the work of Houssay and Marenzi (1937), who injected KCl 
into normal dogs, there is a slight rise of potassium after 60 
minutes. Also the sudden increase of plasma potassium which 
follows the administration of adrenalin and other substances 
(Houssay et al., 1936) is succeeded by a later potassium rise. 
Keyes (1937) described such a rise in man 40 minutes after exer- 
cise. This increase suggests that, although 90 to 95 per cent of 
the injected potassium is temporarily absorbed rather rapidly by 
the tissues, a part of it later returns to the blood as if to seek more 
permanent storage elsewhere. 


I am very grateful to Professor W. O. Fenn for helpful advice 
and criticism received during this work. 


SUMMARY 


1. When potassium is injected into the arteries or veins of 
cats, it diffuses rapidly into the tissues, its concentration in the 
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plasma reaching a minimum in 15 to 25 minutes. At this time 
only one-half of the injected potassium can be accounted for in 
the extracellular spaces of the body (30 per cent of the body 
weight), so that the remainder must have penetrated into some of 
the tissue cells. It is probably concentrated in some cells and 
absent from others. 

2. After this minimum there is a secondary rise of potassium in 
the blood, reaching a maximum 40 minutes after injection, as if 
the potassium were temporarily stored in one location from which 
it moved later for more permanent storage elsewhere. Data from 
seventeen injections show that there is only one chance in 62 that 
this rise is not real. 
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It has been known for a long time that synovial fluid on acidifi- 
cation yields a stringy precipitate, the so called synovial mucin, 
which redissolves in alkali to form a viscous solution. Much work 
has been done on the distribution and properties of this fraction 
and its production by special cells of the synovial lining. Even 
its formation in tissue cultures of synovial tissue has been demon- 
strated. (For literature see (2).) 

Some authors have contended that the synovial fluid is a secre- 
tion of specific cells of the synovial lining; others have thought it 
to be a dialysate of the blood stream modified by products of 
degenerated tissue. In view of the importance and frequency 
of diseases such as rheumatic fever and arthritis, much attention 
has been devoted to the quantity and the viscosity of the fluid and 
the “mucin” isolated from it. It seems doubtful, however, 
whether the method of isolation of the “mucin” (precipitation 
with 2 per cent acetic acid) gives a quantitative yield of unaltered 
material. 

No information was available about the chemical nature of 
synovial “mucin” other than data on the nitrogen and sulfur con- 
tent and the appearance of a reducing substance after hydrolysis. 

In order to isolate the substance responsible for the viscosity of 
the synovial fluid we have used a method similar to that employed 
in the isolation of chondroitinsulfuric acid (3), avoiding strong 
alkali and acid. A polysaccharide acid of high molecular weight 
was thus obtained from bovine synovial “mucin,” possessing 
most of the viscosity of the starting material. 


* A preliminary report of this work has been published (1). 
319 
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320 Synovial Fluid Mucopolysaccharide 


It is obvious from the methods of preparation that the poly- 
saccharide acid occurs in the fluid either free or united to protein 
in salt linkage only. Such a salt should dissociate in weakly 
alkaline solution, and a separation of the protein cation and its 
polysaccharide anion should be possible if the two constituents 
possess different solubilities. This proves to be the case. The 
synovial “‘mucin”’ can be separated into its protein and carbohy- 
drate components by salting-out the protein in weak ammoniacal 
solution. The protein is precipitated by half saturation with 
ammonium sulfate and the carbohydrate can be obtained from 
the viscous supernatant solution by alcohol precipitation. 

The polysaccharide acid consists of equimolar parts of hexos- 
amine, hexuronic acid, and acetyl, the latter apparently as N- 
acetylglucosamine. The yield varied from 200 ‘to 300 mg. per 
liter of synovial fluid. The concentration of polysaccharide cal- 
culated from the hexosamine content of the “mucin” was about 
25 per cent greater than that accounted for by the isolated poly- 
saccharide acid. The remaining hexosamine is apparently part 
of the protein moiety. The protein isolated by the salting-out 
method gave after several reprecipitations 1.5 per cent hexosamine 
on analysis. On the basis of the uronic acid determinations of 
the “mucin,” the hexosamine content of the protein was calcu- 
lated as 1.8 per cent instead of the 1.5 per cent found. In its 
hexosamine content as well as in its physical properties, the 
protein resembles serum globulin. The polysaccharide acid 
constitutes about 13 to 14 per cent of the “mucin” complex. It 
has been shown (4) that acid polysaccharides form true salts 
with the basic amino groups of proteins, which precipitate if the 
latter are ionized, 7.e. in acid solution. 

In addition to the hexosamine contained in the polysaccharide 
acid and the globulin fraction, a still larger amount of the hexos- 
amine (about 60 per cent) found in the original synovial fluid is 
contained in fractions not accounted for by isolation. The hex- 
osamine content of this residual fraction is in close agreement with 
the hexosamine content of normal serum, calculated on the basis 
of total solids. It is interesting to point out that this finding 
contrasts with the results obtained with aqueous and vitreous 
humor, where the polysaccharide isolated accounts for about 90 
per cent of the total hexosamine in these fluids. Two possible 
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explanations for the discrepancy may be offered: (1) the proteins 
found in synovial fluid may be the normal serum proteins, (2) 
they may result from inflammatory and traumatic processes. 

In composition and rotation the polysaccharide acid of synovial 
fluid appears to be identical with the polysaccharide acid of vitre- 
ous humor, umbilical cord (5), and the mucoid phase of Group A 
hemolytic streptococcus (6). This is also borne out by the 
enzymatic hydrolysis of the new polysaccharide, by a specific 
enzyme obtained from pneumococcus (7),' into acetylglucosamine 
and glucuronic acid. The amount of reducing sugar liberated 
accounts for 96 to 100 per cent of the analytically determined 
component carbohydrates. 

Whether the polysaccharide acid of synovial fluid from species 
other than cattle is identical with the one described is not defi- 
nitely known at present. However, from 160 cc. of an exudate 
from an inflamed human knee joint, we isolated 53.9 mg. of an 
impure polysaccharide having properties similar to the bovine 
fractions. This polysaccharide was also hydrolyzed by the pneu- 
mococcus enzyme. 

Experiments on the immunological properties of the polysac- 
charide acid indicate that it does not possess the properties of a 
hapten. All attempts to obtain antisera to the carbohydrate 
have failed, as have experiments designed to increase the antigen- 
icity of synovial fluid (8). Attempts to produce precipitating 
sera against the polysaccharide of hemolytic streptococci by 
immunizing rabbits with Group A organisms according to Loewen- 
thal’s method (9) have also met with failure. 


EXPERIMENTAL 


Preparation of the Polysaccharide Acid~-The synovial fluid was 
obtained in the slaughter-house by aspiration of the astragalo- 
tibial joints of freshly killed cattle, mostly 1 year-old steers.? 
Usually 2 to 5 liters were worked up in each lot. In some in- 


! We have obtained uniformly highly active enzyme preparations from 
autolyzed pneumococci. The enzyme has also been prepared from cultures 
of Group A hemolytic streptococci. This work will be reported in a sepa- 
rate communication. 

* We wish to thank the management of Wilson and Company for their 
splendid cooperation. 
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stances the fluid was filtered. The fluid was diluted with 2.5 
volumes of distilled water and the protein salt of the polysac- 
charide was formed by adding 10 per cent acetic acid to give a 
concentration of 0.2 per cent. This concentration, instead of the 
2 to 3 per cent recommended by others, is sufficient to precipitate 
all of the polysaccharide. After 18 hours at 0-5°, the fibrous and 
sticky precipitate was partly removed by a glass rod and the rest 
by filtration. It was washed several times with distilled water 
and brought into solution with 10 per cent calcium chloride. 
Sodium hydroxide was added from time to time to keep the 
solution just alkaline to phenolphthalein (pH 9). On being 
stirred mechanically, the material slowly goes into solution. 
From this solution the bulk of the protein was removed by re- 
peated shaking with chloroform-amyl alcohol mixture (5, 10). 
When the solution had become almost clear, it was treated with 
1.25 volumes of alcohol. The centrifuged precipitate was washed 
with alcohol and dissolved in 5 per cent sodium acetate solution. 
If the solution was turbid, the treatment with chloroform-amyl 
alcohol was repeated. A further amount of protein was then 
removed by adding an 8 per cent zinc acetate solution and neu- 
tralizing with normal sodium hydroxide. Care must be taken 
at this stage to work in dilute solution (about 0.5 per cent with 
respect to carbohydrate), as otherwise the polysaccharide itself 
precipitates as a zinc salt. To remove zinc and sodium acetate 
the centrifuged solution was again treated with alcohol acidified 
with acetic acid. The precipitate was dissolved in a minimum 
amount of water and reprecipitated with 5 volumes of glacial 
acetic acid or alcohol acidified with glacial acetic acid. The vol- 
uminous, gelatinous mass was removed by centrifuging, washed 
on a filter with alcohol, acetone, and ether, and dried over phos- 
phorus pentoxide. The free acid thus isolated consists of white 
fibers of considerable tensile strength. 

The neutralized 0.25 per cent solution of one sample (No. 82) 
in 0.9 per cent sodium chloride had a viscosity, determined at 20° 
in an Ostwald viscosimeter, of 9.33 relative to 0.9 per cent sodium 
chloride. 

The separation of the protein salt into the protein and carbo- 
hydrate fractions was carried out on a once reprecipitated sam- 
ple, which after dehydration with alcohol gave the following 
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analysis: Sample 76Ia, N 12.63, hexosamine 7.55, uronic acid 
6.17, acetyl 1.74, hexuronic acid to hexosamine ratio 0.75, acetyl 
to hexosamine ratio 0.96. 

The protein separated out on addition of an equal volume of 
saturated ammonium sulfate solution and on making it alkaline 
with strong ammonia water to pH 9. The precipitate was fil- 
tered off through folded filter paper. Sulfate was removed from 
the clear, viscous solution by adding solid barium acetate and 
acidifying with a small amount of acetic acid, and the super- 
natant was treated with 2 volumes of alcohol. The precipitate 
was extracted with 5 per cent sodium acetate solution; the solu- 
tion cleared by zinc hydroxide precipitation and again treated 
with alcohol. After one reprecipitation from alcohol, Sample 
78II was obtained (Table I). The ammonium sulfate precipitate 
containing the protein fractions was taken up in water, neutral- 
ized, and fractioned by ammonium sulfate solution. Four frac- 
tions were obtained. For analysis the solutions were precipitated 
with 5 per cent trichloroacetic acid, washed three times with 2 
per cent trichloroacetic acid, and dried. 


Nitrogen Hexosamine 
13.4 1.5 
14.4 1.7 
13.2 1.3 
14.0 1.3 


Analysis of the polysaccharide fractions is shown in Table I. 
The analytical methods have been described previously (5, 11). 

The high ash content is of special importance when one is con- 
sidering whether the polysaccharide is originally, all or in part, a 
sulfuric acid ester. It has been claimed that the “mucin” of 
synovial fluid is a protein compound of chondroitinsulfuric acid 
(2). Analysis of Sample 69 (38 mg.) gave no volatile sulfur and 
in the ash 0.47 per cent sulfur. (The sulfur content of chon- 
droitinsulfuric acid prepared by a similar method varied between 
5.6 and 6.1 per cent, half of which appears as volatile sulfur.) 
Phosphorus was present in traces too small to determine. The 
ash content is probably explained by the difficulty experienced in 
washing the extremely voluminous slimy precipitates. 

Another indication of the absence of appreciable quantities of 
chondroitinsulfuric acid is found in the rotation of the hexosamine 
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hydrochloride isolated from the polysaccharide. 0.5029 gm. of a 
preparation containing 33.1 per cent hexosamine was hydrolyzed 
with hydrochloric acid and the amino sugar hydrochloride iso- 
lated as described previously (5). The 0.1765 gm. of hexosamine 
hydrochloride isolated accounted for 88.1 per cent of the amount 


TABLe | 
Analysis of Synovial Fluid Polysaccharide Corrected for Ash and Moisture 


| | | Equivalents per equiva- 














| e lent weight 
| po ae | oF cm 
Sample s 3 | |% | le 2 3 
a 21413 
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21/8/22] 8 | Se! |'SBiegi3a i 8iei% 
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gent | cent | cent | cent | jdeorees| cent | cont | | | 
61 | 3.69) 38.2) 41.3) 9.4) 454 |—68.8) 3.283.97, 1.19 0.97) 0.97)1.00 
67 | 3.68) 41.8) 44.1) 10.6 511 |—71.9, 8.73)2.08, 1.34 1.19 1.16 1.26 
69 | 3.59 43.7) 50.7) 10.3) 477 |—73.8, 5.60/4.95, 1.22 1.16, 1.25.15 
77AI | 3.36 34.5 38.4 10.5, 401 |—78.2) 3.50|4.14) 0.96 0.77, 0.79/0.98 
7811 | 3.21) 36.0] 35.9| 10.5, 492 |—69.9 5.61)2..50 1.12) 0.99) 0.91/1.20 
82 | 3.00) 40.3) 44.5, 10.3) 520 |—77.4) 5.10/2.90, 1.11) 1.17, 1.19)1.24 
TaB_e II 


Enzymatic Hydrolysis of Polysaccharide from Synovial Fluid 
The concentration of the polysaccharide was 0.5 per cent. Hydrolysis 
shows 96 per cent of the theoretical amount calculated from reducing values 
for acetylglucosamine and glucuronic acid. 


Glucose (theoretical = 0.585 mg.) from 1 mg. polysaccharide 
Concentration of (Hagedorn-Jensen method) corrected for controls 


enzyme in mixture aa lhl “ tet! ar Bt aan 





2hrs. pen | 41 brs, 
per cent mg. mg. mg. 
0.1 0.531 0.563 0.563 
0.05 0.522 0.558 0.568 
0.025 0.434 | 0.556 | 0.558 


found by analysis. The nitrogen content was 6.40 per cent 
(theoretical 6.47), and the rotation at equilibrium was +70.1° 
(theoretical for d-glucosamine hydrochloride, +72.5°). The hex- 
osamine was therefore d-glucosamine. In the presence of chon- 
droitinsulfuric acid, the isolated hexosamine would have shown & 
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rotation intermediate between glucosamine and chondrosamine, as 
shown previously (5). 

The enzymatic hydrolysis of the polysaccharide from synovial 
fluid is illustrated in Table LI. 

In Fig. 1 is shown a comparison of the hydrolysis of the poly- 
saccharides from synovial fluid and from Group A hemolytic 
streptococci® with two dilutions of enzyme. The enzyme em- 
ployed in this experiment was prepared from a non-type-specific 
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TIME IN HOURS —— 
ta 6 810 1a 6 8 
Fic. 1. Comparison of the rate of hydrolysis of polysaccharides from 
synovial fluid and from Group A hemolytic streptococci. The substrate 
concentration was 0.25 per cent and the enzyme concentrations 0.025 and 
0.005 per cent. 


variant of Type II pneumococcus. At the intervals indicated 
in the graph 0.2 ce. was pipetted out and reducing sugar deter- 
mined by the Hagedorn-Jensen method. Both the enzyme and 
substrates were incubated in buffer solution separately and the 
very small amount of reduction in these blanks subtracted. The 
course of the hydrolysis for the two polysaccharides runs parallel 
within the limits of error of the method. This together with 
the similarity in the chemical and physical properties of the sub- 
stance indicates their identity. 


*The streptococcus polysaccharide was a sodium salt obtained from 


Dr. Kendall. 
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The hexuronic acid present in the polysaccharides of vitreous 
humor and umbilical cord had been demonstrated as glucuronic 
acid by the isolation of its oxidation product saccharic acid (5). 
From the synovial polysaccharide the attempt was made to isolate 
glucuronic acid after enzymatic hydrolysis of the polysaccharide 
with the pneumococcus enzyme. 0.600 gm. of polysaccharide 
was incubated in the presence of toluene for 66 hours with 10 mg. 
of a purified enzyme preparation (as flavianate) from Type II 
pneumococcus. The reducing value at that time indicated that 
the polysaccharide had been hydrolyzed about 100 per cent. 
Glucuronic acid was precipitated as the basic lead salt. From 
this fraction the thiosemicarbazone was prepared by Neuberg’s 
method (12), having a melting point of 223-224° (m.p. found by 
Neuberg 223°). According to Neuberg the thiosemicarbazone is 
typical for glucuronic acid. 

Acetylglucosamine was not isolated. An attempt was made to 
follow the hydrolysis of the polysaccharide by the pneumococcus 
enzyme by the quantitative acetylglucosamine determination of 
Morgan and Elson (13). Neither the polysaccharide nor the 
enzyme gave a blank value after incubation, while the mixture of 
the two gave an increasingly intense color after incubation. 
However, it has not been possible to get satisfactory data by this 
method. 


SUMMARY 


From the stringy precipitate which settles out from synovial 
fluid after acidification, the so called synovial “‘mucin,” a poly- 
saccharide acid has been prepared. This polysaccharide consists 
of equimolar parts of a hexosamine, a hexuronic acid, and acetyl. 
The hexosamine has been demonstrated as d-glucosamine and the 
uronic acid as glucuronic acid. The polysaccharide acid is ap- 
parently identical with the polysaccharides previously isolated 
from vitreous humor and umbilical cord, and with that present 
in Group A hemolytic streptococcus. All four polysaccharides 
contain the same components in equimolar amounts, have a 
similar optical rotation, and are hydrolyzed at the same rate 
by a specific enzyme. The protein component of the carbohy- 
drate-protein complex has been obtained by precipitation with 
ammonium sulfate in weakly alkaline solution. It appears to 
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be a globulin which apparently forms an insoluble salt with the 
acid polysaccharide on acidification. 


We wish to acknowledge the assistance of Mr. Arthur Stempel 


and Miss Eleanor Chaffee during the latter part of this work. 
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THE VITAMIN C CONTENT OF HUMAN URINE AND 
ITS DETERMINATION THROUGH THE 2,4-DINITRO- 
PHENYLHYDRAZINE DERIVATIVE OF 
DEHYDROASCORBIC ACID* 
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(From the Department of Biochemistry, School of Medicine, George Wash- 
ington University, Washington) 
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It is well known that the determination of ascorbic acid in urine 
by titration with 2,6-dichlorophenol indophenol in acid solution 
is not a specific method. Various interfering substances have 
been reported, such as sulfhydryl compounds (1), thiosulfate (2), 
and pyridium (medication) (3). The same limitations apply to 
other oxidation-reduction methods, except when the reducing sub- 
stance is determined before and after oxidation by ascorbic acid 
“oxidase” (4). The latter procedure is unsatisfactory for urine 
for two reasons: It has been found that the “‘oxidase’’ is not 
specific for the oxidation of ascorbic acid (5); and the enzyme may 
not be effective in oxidizing the vitamin, as shown by Bezssonoff 
and Vertruyen (6) who found that ascorbic acid “‘oxidase’’ pre- 
pared from pumpkin pulp did not act upon ascorbic acid in human 
urine, spinal fluid, and cow’s milk. 

To remove interfering reducing and colored substances from 
urine, Emmerie and van Eekelen (7) used mercuric acetate as a 
precipitant of the interfering material. Later, van Eekelen and 
Emmerie (8) showed that mercuric acetate precipitation must be 
carried out rapidly, and excesses of the reagent must be avoided 
to prevent irreversible oxidation of ascorbic acid. Reducing the 
severity of treatment minimizes, but does not remove, the error 
from this procedure. Furthermore, when mercuric acetate is used, 


* Aided by a grant from the Committee on Scientific Research, American 
Medical Association. 

We are indebted to Merck and Company for a generous supply of pure 
ascorbic acid. 
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the dehydroascorbic acid is reduced and mercury is removed by 
introducing H,S. The latter procedure may give rise to a plus 
error. Scarborough and Stewart (9) showed that urine contains 
substances other than ascorbic acid capable of slow reduction 
with H,S to indophenol-reducing compounds. 

The ordinary indophenol, visual titration method has been 
greatly improved by Evelyn, Malloy, and Rosen (10), who make 
a photoelectric measurement of the amount of dye decolorized and 
take readings 5, 10, 20, and 30 seconds after mixing the dye and 
urine, extrapolating to zero time to get a reading which eliminates 
approximately the error due to other reducing substances. This 
procedure has introduced the greatest advance made in indophenol 
titration, but, as stated by its authors (10), “This method is 
admittedly empirical and cannot therefore be expected to give 
more than approximate results, but the errors are far less serious 
than those of the ordinary visual titration...” 

In view of the limitations of the reduction methods, it seemed 
important to devise a procedure based upon some other principle 
than oxidation-reduction. Such a method has been developed. 
In this method, ascorbic acid is oxidized to dehydroascorbic acid 
by passing the urine through norit, and the dehydroascorbic acid 
is separated as a 2,4-dinitrophenylhydrazine derivative. This 
derivative, which is an osazone with dinitrophenylhydrazine 
groups attached to carbon atoms 2 and 3 (11), is dissolved in HCl 
containing SnCl, and boiled under 15 pounds pressure. By this 
treatment, the nitro groups are reduced, giving a colorless sub- 
stance, and the compound is hydrolyzed, liberating dehydro- 
ascorbic acid; the latter forms furfural when boiled with HCl 
containing SnCl, (12). The furfural is determined colorimetrically 
by the aniline acetate method (12). 

This procedure has been applied widely to the determination of 
ascorbic acid in plant and animal tissues. In this paper, we are 
reporting the results of analyses of 57 freshly voided samples of 
urine from 50 normal human subjects by the proposed method, 
and by indophenol titration. The procedures used were as follows: 


Osazone-Furfural Method 


To 50 ce. of urine, add 5 cc. of glacial acetic acid and 2 gm. of 
metaphosphoric acid. After the latter has dissolved, add 5 gm. 
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of norit and shake vigorously. Filter. The filtrate must be per- 
fectly colorless; if it is not, add more norit and filter again. Place 
1, 2, and 3 cc., of the norit filtrate in 15 cc. conical Pyrex centrifuge 
tubes with a mark at 7 cc. 

Prepare standards as follows: Dissolve 25 mg. of pure ascorbic 
acid in 25 cc. of 10 per cent acetic acid containing 4 per cent of 
metaphosphoric acid. Dilute 2 cc. of this solution to 100 ce. with 
the same acetic-metaphosphoric acid solution. 1 ec. of this solu- 
tion contains 0.02 mg. of ascorbic acid. Add norit in excess 
(5 gm.) and shake vigorously. Filter. Place 1, 2, and 3 cc. in 
15 cc. conical Pyrex centrifuge tubes with a mark at 7 cc. Set 
up a series of these tubes according to needs. 

To the unknown and standard tubes add 2 volumes of saturated, 
purified 2,4-dinitrophenylhydrazine' in n HCl. This reagent 
must be measured with quantitative precision. It should be 
added to the standards and the unknowns at approximately the 
same time; hence, place all unknown and standard solutions in 
the centrifuge tubes before adding the reagent. Let stand for 15 
to 24 hours for reaction and crystallization. 

On the following day, centrifuge all tubes at a speed which will 
pack the crystalline 2,4-dinitrophenylhydrazine derivative in the 
bottom of the tubes. It may be necessary to break up the clusters 
of crystals with a stirring rod to make them pack satisfactorily 
in the centrifuge tubes. 

After successful centrifugation, decant the supernatant fluid 
carefully, and set the tubes in a beaker in an inverted position to 
allow drainage for several minutes. Wash the precipitates by 
delivering forcefully upon the mat of crystals 5 ec. of 10 per cent 
formic acid. This is done by blowing the washing solution from 
a pipette. The mat of osazone crystals must be thoroughly 
broken up. Centrifuge, and drain carefully. 

To the mat of crystals in each of the centrifuge tubes, add 2 cc. 
of 12 per cent HCl containing 10 per cent of SnCl. Place in a 
beaker of boiling water and boil until the crystals are dissolved. 
It will be necessary to remove the centrifuge tubes from the beaker 
with forceps from time to time, and tilt each tube so as to bring 
the hot acid solution in contact with crystalline material adhering 


12, 4-Dinitrophenylhydrazine is conveniently recrystallized from ethy! 
acetate solution. 
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to the sides. Finally, when all of the osazone crystals have been 
dissolved, place the tubes containing the standards and unknowns 
in an autoclave and heat in an atmosphere of steam for 30 minutes 
at 15 pounds pressure. Cool, and remove the tubes toarack. To 
each tube add 2 ce. of glacial acetic acid and mix; then add 3 ce. 
of alcoholic aniline (2 parts of redistilled aniline to 5 parts of ethyl 
alcohol). Keep the alcoholic aniline in a dark bottle in a refrig- 
erator. Remove from the refrigerator and add while cold. Make 
up to exactly 7 cc. with H,O. Mix by inversion and place imme- 
diately in cold water. After 5 minutes, place the tubes in a rack, 
and let stand for an additional 10 minutes. At all times after 
adding aniline keep the tubes away from exposure to light as much 
as possible. Finally, compare in a colorimeter, using the most 
appropriate standard. 


Calculation— 
8 1000 iy oy : P 
U xX Si X anime Milian X 1.1 = mg. ascorbic acid per liter urine 


where, S = reading of standard, U = reading of unknown, and S; = mg. 
of ascorbic acid in the standard used. 


All measurements in this procedure must be rigidly accurate. 
The reaction yielding the osazone of dehydroascorbic acid is a 
slow one and equilibrium is not reached in 24 hours. Exactly 
2 volumes of 2,4-dinitrophenylhydrazine solution must be added 
and the same temperature conditions must be maintained for the 
standards and the unknowns. The quantitative character of the 
method is dependent upon identical treatment of standards and 
unknowns. 

From an occasional urine a slight brown color may be obtained 
when the osazone crystals are dissolved, which will later interfere 
in the pink color that is produced. Such urines should be passed 
a second time through additional norit, which adsorbs the inter- 
fering substances. The maximum absorption of the pink color 
formed by the reaction of furfural with aniline is at 520 mu.2 A 
green filter (Wratten No. 58) may therefore be used to advantage 


* We are indebted to Mrs. A. P. Bradshaw of the United States De- 
partment of Agriculture for the preparation of spectrophotometric ab- 
sorption curves. 
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if this interfering color appears. It is best to avoid this inter- 
ference, however, by a more vigorous treatment of the urine with 
norit. 


Indophenol Titration Method 


The urines studied by us were either titrated immediately after 
being voided, or metaphosphoric and acetic acids were added and 
the titrations were carried out within 2 hours after collection. 
10 ce. of urine were placed in a white casserole and 2 cc. of glacial 
acetic acid were added. Indophenol solution, standardized 
against the same standard of pure ascorbic acid as used in the 
osazone-furfural method, was titrated into the urine. An end- 
point lasting 10 seconds was taken as the end of the titration. 


Discussion of Osazone-Furfural Method 


The specificity of this method is dependent upon the absence 
from urine of furfural precursors capable of coupling with 2,4- 
dinitrophenylhydrazine in amounts that will interfere. Of the 
latter substances, glucuronic acid and pentoses must be considered. 
Glucuronic acid does not produce enough hydrazone to interfere 
until amounts in excess of 5 mg. per cc. are present. The normal 
glucuronic acid content of urine is 300 to 660 mg. per 24 hour 
specimen (13), or approximately 0.3 to 0.6 mg. per cc. Hence 
interference from glucuronic acid will not occur in normal urines, 
and may not be expected until at least 10 times the normal 
amount is present. 

We determined the furfural precursors in norit filtrates of twenty 
urines and found values ranging from 0.02 to 0.23 mg. per cc. as 
xylose. These values represent principally pentose content, as 
glucuronic acid and hexoses have a comparatively small furfural- 
producing capacity (14). Xylose does not yield furfural-pro- 
ducing hydrazone until a concentration in excess of 1 mg. per cc. 
is present. Therefore interferénce from pentoses will not occur in 
normal urines and may not be expected until about 5 times the 
normal amount is present. 

If one suspects abnormal amounts of furfural precursors in the 
urine, the total amount of these substances may be determined as 
follows: To 0.1 cc. of norit filtrate and 0.1 cc. of xylose standard 
solution containing 0.02 mg. of xylose in test-tubes are added 2 cc. 
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of 12 per cent HCl. Boil in a water bath for 15 minutes. Cool 
and add 1 ce. of 1 per cent SnCl, to each tube. From here on, 
treat with acetic acid and alcoholic aniline the same as above with 
the autoclaved osazone solutions. 

We have repeatedly added ascorbic acid to urines containing 
vitamin C and to urines not containing this vitamin, and have 
obtained recoveries ranging from 95 to 105 per cent by this 
method. The procedure therefore appears entirely specific for 
the determination of vitamin C in urine. 


Results of Comparative Studies 


The results of our comparative analysis of 57 samples of urine 
from 50 normal subjects are shown in Table I. Our subjects were 
medical students and laboratory workers, of whom forty-six were 
males and four were females. Where values above zero were 
obtained by the osazone-furfural method, the corresponding indo- 
phenol titration values range from 0 to 297 per cent higher. In 
the last column of Table I are data obtained by taking the differ- 
ence between the results by the two methods. We interpret these 
values as representing the non-ascorbic acid indophenol-reducing 
substances of normal urine. They are of considerable significance. 
They indicate that indophenol titration values up to 29 mg. per 
liter represent an unknown amount of ascorbic acid; and that one 
cannot be sure that any part of an indophenol titration value is 
true ascorbic acid except that found in excess of 29 mg. per liter. 

The results in Table I are expressed as mg. per liter. For 
purposes of comparison these figures may be considered as repre- 
senting 24 hour excretion values. The vitamin C content of the 
urine of normal adults is usually stated to be 10 to 30 mg. per 24 
hour sample (15, 16) when determined by indophenol titration. 
These figures have little significance in view of our finding of 
0 to 29 mg. of non-ascorbic acid indophenol-reducing substances 
per liter of urine. 

These results have an important bearing upon the procedures 
used to determine the human requirements of vitamin C. In their 
early work, Harris and his associates (15) used a urinary “resting 
level’’ of 15 mg. per 24 hours, determined by indophenol titration, 
as indicating the border line between sufficiency and inadequacy 
of vitamin C intake, combining this criterion with the requirement 
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that the subject must also fail to excrete increased amounts of 
vitamin C after administration of a 700 mg. dose of this vitamin 
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and coworkers, a urinary vitamin C content of 10 to 30 mg. per 
24 hours, by indophenol titration, has been taken as indicating 
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that there is an adequate intake of vitamin C. Our studies show 
that when a value of 10 to 30 mg. per liter is obtained by indo- 
phenol titration, there may be a small amount of vitamin C in the 
urine, but often there is none; and that, if the demonstration of 
ascorbic acid in urine is to be taken as a criterion of adequacy of 
intake, a border line urinary value of less than 29 mg. per liter 
by indophenol titration has no significance. 

Our findings are confirmatory of the procedure of Widen- 
bauer (17) for determining the human vitamin C requirement. 
Widenbauer places the subject on a uniform diet containing very 
little vitamin C for a preliminary period of several days. The 
urine is titrated with indophenol and the average daily content is 
taken as a blank to be deducted from the daily excretion when 
test doses are given. Widenbauer’s blank values obtained in this 
way probably correspond to the amounts of non-ascorbic acid 
indophenol-reducing substances of our data, and the desirability 
of establishing such values is confirmed by our studies. 

By the osazone-furfural method analysis of 4 ce. of a solution 
containing 0.005 mg. of ascorbic acid per cc. gave a satisfactory 
color and quantitative recoveries, when compared with 1 cc. of 
solution containing 0.02 mg. Taking into consideration the lower 
limits of the sensitivity of this method, we can say that the zero 
values of our data must represent less than 5 mg. per liter, and 
are very close to, if not true, zero values. It is therefore of con- 
siderable interest that fourteen of our 50 subjects, who were 
apparently on an adequate diet, showed no vitamin C present in 
the urine by our technique. These findings are in agreement 
with the report of Evelyn, Malloy, and Rosen (10), who noted 
that ‘24 hour ascorbic acid excretions of less than 5 mg. are often 
found in normal healthy individuals on adequate well balanced 
diets.”’ 

SUMMARY 


1. A new method for the determination of ascorbic acid has 
been developed. Ascorbic acid is oxidized with norit and the 
dehydroascorbic acid is separated as a 2 ,4-dinitrophenylhydrazine 
derivative. This derivative is decomposed by boiling with HCl 
containing SnCl, with the formation of furfural. The furfural 
is determined colorimetrically by the aniline acetate method. 
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2. A comparative study of results by this method and by indo- 


phenol titration was made upon the urine from 50 normal human 
subjects. The indophenol titration gave values ranging from 0 
to 297 per cent higher than those by the proposed method. 


3. The urine from fourteen of our 50 subjects who were ap- 


parently on an adequate diet showed no vitamin C by the new 
method. 
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During a series of investigations concerning the chemical struc- 
ture of the red blood cell, a method has been developed in this 
laboratory (1) for the preparation of a posthemolytic residue con- 
taining only small amounts of hemoglobin. By this procedure it 
was possible to prepare from the bloods of several mammalian 
species, quantities of this material sufficient to permit detailed 
lipid and protein analyses. Previous studies (2) have demon- 
strated that the product is a protein-lipid complex and that, while 
the total lipid content of the material varies between 10 and 25 
per cent in different species, the lipid pattern is strikingly similar 
in all of them. The major lipid constituent is phospholipid, of 
which more than 50 per cent is cephalin. Nitrogen, lipid, and 
ash analyses indicated that 90 to 95 per cent of the posthemolytic 
residue could be accounted for as ash and a lipid-protein complex 
which presumably forms the supporting structure of the red blood 
cell and which has been called “erythrocyte stroma.’’ Analyses 
of these posthemolytic residues have been extended to include 
the protein moiety. 

Posthemolytic residues were prepared from washed erythrocytes 
of normal beef, sheep, horse, hog, and human bloods' and were 
analyzed for their content of those amino acids for which reliable 


* This paper was presented before the American Society of Biological 
Chemists at the Thirty-second annual meeting at Baltimore, March 30 
to April 2, 1938. 

! The authors wish to thank Mr. Harvey Merker, Dr. L. T. Clark, and 
Dr. A. 8. Schlingman, of Parke, Davis and Company, Detroit, for their 
cooperation in securing the equine and human bloods. 
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methods are available. The work was conducted in an attempt 
to discover any chemical differences in the protein fractions of the 
species studied and whether the same similarity of pattern which 
characterized the lipid fractions is to be found in the protein 
components. 


EXPERIMENTAL 


The posthemolytic residues were prepared from washed eryth- 
rocytes as described in a previous paper (1). The samples were 
dried in vacuo, the lipid fractions removed by repeated extractions 
with ethyl alcohol and ether, and the residue dried at 60-70° 
in a vacuum oven. Nitrogen analyses were made by the mano- 
metric micromethod of Van Slyke (3) except in instances in which 
sufficient material permitted a macro-Kjeldah! determination. 
Sulfur was determined gravimetrically as barium sulfate, after 
preliminary oxidation in the oxygen bomb. 

Basic Amino Acids*—The hexone bases were determined by 
the method of Block (4). Arginine was calculated from the weight 
of its flavianate derivative. Lysine was determined through its 
picrate. Histidine was determined by isolation of histidine ni- 
tranilate, described by Block (5), from the histidine fraction, 
which had been purified by the mercury and copper salt procedure. 
The results were not corrected for any solubility losses which 
might have occurred during the procedure; therefore, the values 
reported may be considered minimal. 

Tyrosine and Tryptophane—Tyrosine and tryptophane were 
estimated by the colorimetric procedure of Folin and Marenzi 
(6) with the following modifications. Hydrolysis was effected 
by heating with 20 per cent sodium hydroxide in the autoclave 
at 2 atmospheres for 6 hours as described by von Deseé (7). A 
tyrosine standard solution was used for comparison with the 
tryptophane color and the tryptophane value calculated from 
the formula of von Deseé (7) which corrected the original error* 
in the formula of Folin and Marenzi (6). 


* Appreciation is extended Dr. Richard J. Block for so kindly accepting 
one of the authors (E. F. B.) in his laboratory to learn the methods of 
determining the basic amino acids and for his helpful advice. 

* In the procedure of Folin and Marenzi (6) the tryptophane color in 
the unknown is compared with the same blue color developed in a tyrosine 
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Cystine—Cystine was determined by the method of Graff, 
Maculla, and Graff (8). The results are based upon the nitrogen 
content of the cysteine cuprous mercaptide isolated from small 
samples of the protein hydrolysates. This method has been 
found satisfactory; it yields easily reproducible results and it has 
given cystine values for edestin and casein in good agreement 
with those obtained by other reliable methods (Table I). By 
the Graff, Maculla, and Graff method, cystine may be recovered 
quantitatively from pure solution and also when added to hydrol- 
ysates of known cystine content. 

Methionine—Methionine was determined by the latest method 
of Baernstein (9), which depends on the titration of homocysteine 
(formed during the reaction of methionine with hydriodic acid) 
with sodium tetrathionate. The earlier method of Baernstein, 
which depends upon the determination of volatile iodide liberated 
during hydriodic acid digestion, was not satisfactory when applied 
to the protein hydrolysates. The values given by the volatile 
iodide method were high and apparently were influenced by some 
substances other than methionine which yield a volatile iodide 
under the conditions of the analysis. Possibly this is due to small 
amounts of lipid not removed by alcohol and ether extraction. 


Results 


The results of the analyses of stromal protein for seven amino 
acids and nitrogen and sulfur in the lipid-extracted posthemolytic 
residues of five species are shown in the average values presented 
in Table I. One fact is immediately obvious: the proteins of the 
posthemolytic residues are similar in amino acid composition. 
Histidine in the different species’ stromal proteins varied from 1.9 
to 2.3 per cent, arginine from 4.6 to 5.3 per cent, lysine from 3.5 
to 3.8 per cent, tyrosine from 2.7 to 2.9 per cent, and tryptophane 
from 1.1 to 1.2 per cent. The average nitrogen content of prep- 
arations from different species varied from 12.9 to 14.0 per cent 
and the sulfur from 0.71 to 0.78 per o cent. Greater variations were 


standard with the duns innit The try etait enbieaions is iaiatinel 
as tyrosine and then, according to Folin and Marenzi (6), it should be 
multiplied by 0.843 to convert it to the correct quantity of tryptophane. 
However, von Deseé (7) indicates that the tyrosine equivalent should be 
multiplied by 1/0.843 to convert it to the correct quantity of tryptophane. 
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observed in cystine and methionine content. Hog stromal 
protein showed a high cystine content, 1.11 per cent, while those 


Taste | 


Per Cent Nitrogen, Sulfur, and Amino Acid Composition of Lipid-Ertracted 
Posthemolytic Residue 











E £ 2 g 4 Cystine : z nD 
cecen ees 21/3/13 
| & < a ee =a | & & 
Beef... (1.9 | 5.1 | 8.5 | 2.9 12 | 0.78 | 1.5 13.8 0.708 
er (2.3/5.3 | 3.5/2.9) 1.1) 0.95 | 2.1 14.0 0.784 
Bs don tseviner'n' (1.9 | 4.9 | 3.8 | 2.9/1.1 | 0.85 | 1.9 12.9 0.715 
Hog. 2.1) 4.6 3.5 | 2.8/1.2 | 1.11 | 1.7 13.1 0.716 
Human.. ..../ 2.1} 4.8/3.8/2.7/1.2| 0.90 | 1.8 13.0 0.713 
Horee and sheep | | | 
(from Jorpes(10)).| 2.6¢ 5.8t, | 3.0 | 1.5 | 14.75 
Edestin | 
Authors’.........| 1.5 14.5 | 1.8! 4.2/1.3] 1.10 | 2.5217.1 
Literature... (2.1 15.6 | 2.1 | 4.3/1.4] 1.27 | 2.2018.7 
@/@)> @)@)@) ay | @® 
Casein Bk oo | | 
Authors’........ 1.6/3.6 |6.2/6.2/1.4) 0.30 | 3.0415.1 
Literature..... /1.8 |) 3.8 6.3 6.6/)1.4! 0.30  3.1015.7 
(12) | (12) | (12) | (13) | (13) (11, 14) @) 
0.22 
/ (19) 





The numbers in parentheses refer to the bibliography. All of the analyt- 
ical values reported are averages of determinations run in duplicate or 
triplicate on single preparations except: in beef stromata, two prepara- 
tions varied from 1.7 to 2.0 in histidine, and three preparations ranged 
from 4.9 to 5.3 in arginine, 3.3 to 3.7 in lysine, no variation in tyrosine, and 
1.15 to 1.26 in tryptophane; and in human stromata, three preparations 
varied from 4.8 to 4.9 in arginine and two preparations did not vary in 
tyrosine or tryptophane. 

* Nitrogen values are averages of determinations on two to four prep- 
arations in each of the species. 

t Histidine obtained by the Pauli reaction. 

t Arginine obtained by Sakaguchi and Van Slyke methods. 


of the other four species varied from 0.78 to 0.95 per cent. Beef 
stromal protein exhibited a low methionine content, 1.5 per cent, 
and sheep the high methionine content of 2.1 per cent, while the 
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other three species gave approximately equal quantities of meth- 
jonine, midway between the two extremes. Together, the cystine 
and methionine contents account for 85 to 95 per cent of the total 
sulfur. Among the stromal proteins the differences in cystine 
and methionine content are proportionately greater than with 
respect to any of the other amino acids. However, it is not pos- 
sible, on the basis of a limited number of samples, to postulate 
a significant species variation. 

These values for the amino acid composition of the lipid- 
extracted posthemolytic residue, with respect to arginine, histidine, 
tyrosine, and tryptophane, may be compared with those reported 
by Jorpes (10) and included in Table I. The values presented 
herein are similar but are all consistently lower. Two factors 
may account largely for the discrepancy: Jorpes’ lipid-free post- 
hemolytic residue contained about one-tenth more nitrogen than 
those prepared for this study; furthermore, he employed the 
Sakaguchi and Van Slyke methods for determining arginine, and 
the Pauli reaction for histidine. These methods would be ex- 
pected to yield somewhat higher values for the basic amino acids 
than does the Block method which depends upon the isolation of 
the bases. Considering these facts, there is agreement between 
the values obtained and those of Jorpes. On the basis of the 
analytical values obtained for the basic amino acids, Jorpes’ 
finding that the protein moiety of the stroma is not of strongly 
basic character is confirmed. 

Previous analyses of the posthemolytic residue preparations (1) 
have shown that a considerable amount of organic iron is present 
and that this iron, calculated as hemoglobin, could account for 
as much as 5 to 10 per cent contamination by hemoglobin. At 
present it is believed that at least a portion of the iron may be a 
component of the true posthemolytic residue proper (10) and not 
present as hemoglobin contamination. If most of the organic 
iron does represent hemoglobin contamination, then the values 
reported for histidine and lysine, which are found in large amounts 
in hemoglobin, are somewhat high for the true stroma. 

To determine the reliability of the procedures followed in this 
laboratory, amino acid analyses of casein‘ and of edestin have 


* The casein was purchased from Eimer and Amend, prepared according 
to the method of Hammarsten. 
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been carried out by the methods employed on the posthemolytic 
residue protein. The values obtained are presented in Table I 
and are compared with those reported in the literature. 

In Table II the values for the basic amino acids contained in 
lipid-extracted stroma are compared with those found in the 
literature for serum orosin, hemoglobin, and cattle fibrin. The 
distribution of basic amino acids in the stromal protein preparation 
is obviously different from that of hemoglobin and cattle fibrin 
but possesses some similarity to Block’s serum orosin. It differs 
from the serum protein, however, in possessing a lysine content 
of 3.6 per cent, about one-half as much as that found in serum 
orosin. Not only are the proteins of the posthemolytic residues 
different in composition from the other known blood proteins 
but they are also characteristic substances themselves. The 


Tase II 


Per Cent Average Basic Amino Acid Composition of Lipid-Extracted Post- 
hemolytic Residue, Compared with Values in the Literature for Serum 
Orosin, Hemoglobin, and Cattle Fibrin 








Histidine | Arginine Lysine 
Posthemolytic residue. Panal 2.1 5.0 3.6 
Serum orosin (16)..................) 2.1 4.7 6.9 
Hemoglobin (17)............. o 7.5 3.3 7.9 
Cattle fibrin (18)............ iv 2.5 7.7 10.1 





amino acid contents of the proteins of posthemolytic residue 
prepared from different samples of red blood cells of any one species 
were approximately constant, showing that the method of prep- 
aration yields a product of quite constant composition when 
applied to different samples of erythrocytes from the same species. 
Furthermore, the posthemolytic residues of different mammalian 
bloods contain an almost identical distribution of seven amino 
acids. The similarity among the posthemolytic residues of 
different species, demonstrated by the lipid studies (2), is equally 
shown to be true by the present work on the protein moiety. 

The distribution of the total nitrogen of the posthemolytic 
residue in terms of the nitrogen of seven of its constituent amino 
acids has been calculated and the data presented in Table III. 
The values are calculated on the basis of total nitrogen determined 
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on the separate preparations used for the analysis of the individual 
amino acids. These results show that the seven amino acids 
which have been determined account for 25.4 to 27.0 per cent of 
the total nitrogen of the protein. From the data in Table III 


Taste III 


Nitrogen of Amino Acids Expressed As Per Cent of Total Nitrogen of 
Posthemolytic Residue* 


Per 

- . » | cent N 

Specie | Hit: | ATE | rynine| Tyre T3zBte- cyetine Mathie “e.™ 

for 

Beef... 4.0 12.0) 4.8 1.6 oa) ey 1.2 | 25.5 
Sheep..... 4.7 11.4) 4.5 1.4 1.0 | 0.8 1.6 | 25.4 
Horse...... 4.2 11.6) 5.4 1.6 1.1 0.8 1.6 | 26.3 
Hog.. 4.5 | 11.4); 6.1 1.6 1.3 1.0 1.5 | 26.4 
3111.8; 5.8 | 1.7 | 1.2 | 0.8 | 1.4 | 27.0 


Human... 4.3 


* Values obtained by use of the percentage amino acid composition 
(Table I) and the nitrogen content of the sample analyzed for the particular 
amino acid. Since the per cent nitrogen given in Table I is an average 
of all those obtained on preparations of that species, a direct calculation 
of nitrogen distribution cannot be made from those data. There is ap- 
proximate agreement in most instances with Table I. 


Taste IV 
Molecular Ratios of Amino Acids of Posthemolytic Residues* 


| Histi- | Argi- 





; ; T ieleen Methi 
Species | dine nine Lysine 2 nog —— Cystine - 
Be ccncntets. ward C8) 2 S 3 2 3 
PS See | 8 14 | 11.5 7 2.5 2 4 
Horse..... 7 14.5) 13.5 N 3 2 4 
Hog... 7.5| 14 | 13 8 3 2.5) 3.5 
Human 7 56 | 14.5/| 8 3 2 3.5 
Average........ 7 14.5) 13 8 3 2 | 35 





* The ratios are calculated to the nearest half number. 


the molecular ratios among the amino acids in the stromata have 
been calculated and these appear in Table IV. The average 
molecular proportions of the seven amino acids determined in the 
posthemolytic residue are histidine to arginine to lysine to tyrosine 
to tryptophane to cystine to methionine as 7:14.5:13:8:3:2:3.5. 
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The amino acid analyses show that the general pattern of the 
amino acid composition of the posthemolytic residues of the five 
mammals is similar. There is at present no assurance that the 
protein moiety of the erythrocyte residue is composed of a single 
protein but it is certain that if there are two or more individual 
proteins which constitute this residue, they appear in all of the 
species in the same proportions. 


SUMMARY 


It has been found that the posthemolytic residue proteins of the 
red blood cells of five mammalian species are practically identical 
in composition with respect to histidine, arginine, lysine, tyrosine, 
: tryptophane, cystine, and methionine. This similarity in amino 
i acid distribution in the protein moiety finds its counterpart in 
the constancy of the various lipid fractions as per cent of the total 
lipid portion of the erythrocyte residue. The average ratios 
among the amino acids in the protein fraction of stroma are 
histidine 7, arginine 14.5, lysine 13, tyrosine 8, tryptophane 3, 
cystine 2, methionine 3.5. 
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THE DENATURATION OF SERUM ALBUMIN 
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A large number of investigations have been carried out within 
recent years, concerning the influence of urea and related sub- 
stances on proteins, and they have furnished valuable information 
regarding the phenomena of protein dissociation and protein 
denaturation. 

Determinations of the molecular weight of proteins, by osmotic 
pressure methods and by sedimentation analysis, revealed that 
urea may produce dissociation of proteins (1-5). Amandin, 
excelsin, thyroglobulin, myogen, hemoglobin, and others become 
readily dissociated when dissolved in 50 per cent urea solutions, 
whereas proteins such as serum albumin, egg albumin, pepsin, 
and gliadin seem to resist splitting completely (1, 4, 6, 7). 

Denaturation of proteins by urea and other amides, on the other 
hand, manifests itself in an increase of the number of detectable 
disulfide and sulfhydryl groups (8-10), and, in many instances, in 
coagulation of the denatured protein after removal of the denatur- 
ing agent. 

Evidence has also accumulated that protein denaturation is 
accompanied by a change in protein structure from a condensed 
to a more extendede configuration (11-14). Such structural 


* Part of a thesis presented by A. M. Saum to the Graduate School of 
Cornell University in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, September, 1938. 

t George Fisher Baker Research Fellow, Cornell University, 1936-38. 
That part of the work carried out at Duke University was supported by 
a grant from the Lederle Laboratories, Inc., Pearl River, New York. 
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changes should greatly affect the rate of diffusion of protein 
molecules and the relative viscosity of protein solutions, as elon- 
gated molecules exhibit a lower diffusion constant than do spher- 
ical molecules of equal volume, whereas the viscosity of solutions 
increases as the molecules become more asymmetrical. With 
these considerations in mind, we have carried out diffusion and 
viscosity measurements of serum albumin in the presence of urea. 
This protein has been chosen, since its molecular weight seems to 
remain unchanged during urea denaturation, thus allowing the 
observed effects on diffusion and viscosity to be ascribed primarily 
to changes in molecular shape. The results obtained were men- 
tioned briefly on a previous occasion (15) and are described here 
in full. 


Diffusion and Viscosity 
The molecular weight of spherical molecules may be calculated 


directly from diffusion data, with the Southerland-Einstein 
equation (16) 


D = kT/6xnr (1) 


in which k is the Boltzmann constant and r the molecular radius. 
Corrections for the shape factor have to be applied, however, if 
the molecules deviate from spherical shape. Perrin’s equation 
(17) for the diffusion of elongated particles provides a relation 
between the observed diffusion constant, D, the diffusion con- 
stant, Do, which would obtain if the molecules were spherical, and 
the ratio of the long to short axis of a prolate ellipsoid of revolu- 
tion, b/a. 


D__ Ve/e 1+ Vi - @/e) 


De V1 — (@/6") a/b 


The ratio of the observed diffusion constant, D, to the diffusion 
constant, Do, may also be expressed as a function of the molecular 
weight, when the following equation (18) is used, 


M(1 — Vp) 
en Bee (3) 


fo D  6xqN(3MV/4xN)! 


in which f/fo is the dissymmetry constant, p the density of the solu- 
tion, 7 the viscosity of the solvent, V the partial specific volume of 
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the solute, s the sedimentation constant, and N the Avogadro num- 
ber. For a given molecular weight, M, Dy should be constant, 
whereas any change of D may be ascribed to changes in shape. 

From Equations 2 and 3, the dissymmetry constant of native 
serum albumin (molecular weight 67,100) is 1.2 (18), and the ratio 
of the axes is 4.3 (15). 

Values for b/a may likewise be estimated from viscosity data. 
In fact, such a method of computation should allow the validity 
of viscosity equations to be tested, since by substitution of b/a, 
obtained from viscosity measurements, in Equations 2 and 1, 
the molecular weight may be calculated (19, 15) and compared 
with the known value. We have used in this investigation Kuhn’s 
equation (20) which relates the relative viscosity, /mo, and the 
volume concentration, g, to the ratio of the axes, b/a. 


(n/m) — 1 = ¢(2.5 + (b/4a)*) (4) 


Although Kuhn’s equation is subject to limitations and objections 
(21), its application proved to be suggestive for the estimation of 
shape factors of closely related substances such as proteins (15). 


EXPERIMENTAL 
Materials 

Serum Albumin—Serum albumin was prepared by the method 
of Young (22) and of McFarlane (23). 5.5 liters of fresh horse 
blood were centrifuged and the corpuscles removed. The clear, 
yellow serum was then shaken with a total of 2 liters of ether, in 
small portions, to remove fats and lipids. An equal volume of 
saturated ammonium sulfate solution was added, slowly with 
constant stirring, and the mixture allowed to stand overnight. 
After filtration, an amount of 10 per cent acetic acid just sufficient 
to produce slight turbidity was added to the filtrate. This 
brought the pH of the solution to 6, and by the slow addition of 
more acid the pH was further lowered to about 5. The precipi- 
tated crystals were collected, dissolved in about 2.5 liters of dis- 
tilled water, and recrystallized by the addition of an equal volume 
of saturated ammonium sulfate solution. When the material 
was filtered and the crystals redissolved in distilled water, almost 
no insoluble residue remained. Crystallization was repeated 
twice and the final product dissolved in distilled water, to a vol- 
ume of about 2 liters. This solution was dialyzed against dis- 
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tilled water through cellophane membranes for several days and 
subsequently electrodialyzed in Pauli’s apparatus with voltage 
gradually increasing from 10 to 220 volts. The protein concen- 
tration, as determined by drying at 104° for 18 hours, was 35.0 
mg. per cc. The protein was crystallizable after electrodialysis. 

Egg Albumin—Egg albumin was prepared according to the 
method of Kekwick and Cannan (24). The protein, obtained 
from fresh hen’s eggs, was recrystallized three times, dialyzed, 
and electrodialyzed. The purified material was completely 
recrystallizable and had a pH of 4.78, a specific conductivity of 
1.18 X 10-* mho, and a concentration of 19.75 mg. per ce. Owing 
to the ease of surface denaturation of egg albumin, the solution 
was reelectrodialyzed from time to time and its concentration 
redetermined. 


Measurements 


The protein solutions were made up in small, 16 cc. volumetric 
flasks to which measured amounts of the stock protein and buffer 
solutions, along with any other materials whose effects upon the 
diffusion process was being investigated, were added and diluted 
with distilled water to the proper volume. 50 cc. of the cor- 
responding solvent were then prepared, identical in all solute com- 
ponents except protein. The protein solution was placed in a 
small cellophane bag and allowed to dialyze for at least 24 hours 
against the corresponding solvent. After dialysis the solutions 
were stored separately, in small glass-stoppered bottles, until 
placed in the diffusion cell. 


Apparatus 


The diffusion apparatus was built in this laboratory according 
to the descriptions given by Lamm (25, 26). A mercury arc lamp 
served as light source and. Corning light filters No. 551 and No. 
512 in addition to a solution of cupric chloride in methanol were 
used to eliminate all but the green, 546 mu line of the mercury 
spectrum. Monochromatic light proved to be useful for cor- 
recting the chromatic aberration of the simple biconvex quartz 
lens of the camera. The camera lens had a focal length of 59.75 
em. and was adjusted to an aperture of f: 60. All materials in 
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the light path of the apparatus were of either quartz or Corex 
D glass, to permit use of light of any wave-length, including 
the ultraviolet. The thermostat was kept at 25° + 0.002°. 
The scale was a transparent mm. scale subdivided into 0.5 mm. 
in the region near the boundary. Eastman Kodak spectroscopic 
plates GV, sensitized for the green line, were used. The time of 
exposure was 1} minutes, the photographic enlargement factor 
1.201. Scale line readings were made with a Zeiss microcom- 
parator capable of being read tol yw. The readings were reproduc- 
ible to within 2 uy. 

In the early stage of this investigation the cylindrical cell de- 
scribed by Lamm and Polson (25) was used. Most of the experi- 
ments, however, were performed with a stainless steel cell with 
plane parallel windows (26). A slide, made of lucite, with a screw 
arrangement, permitted the boundary between solvent and solu- 
tion to be formed in a simple and smooth manner. The distance 
of the cell from the scale was adjusted according to the protein 
concentration, the distance being smaller for higher protein con- 
centrations and vice versa. 

Viscosity measurements were carried out at 25° + 0.03° in 
Ostwald pipettes, with flow times of about 60 seconds for distilled 
water. Corrections for density were applied in all cases. They 
were determined at room temperature with pycnometers of 2 or 
5 ec. content, respectively. 


Methods of Calculation 


The scale line displacement was plotted against the position of 
the displaced lines in the usual manner and diffusion constant 
calculated by three of the methods described by Lamm (25). 
These are the “maximum height” method, the method of “suc- 
cessive analysis,’ and the “statistical’’ method (Equations 2, 4, 
and 9 of Lamm and Polson’s paper (25)). At least two of these 
methods were employed in every experiment in order to examine 
the state of dispersion of the solutions. In the calculation of the 
diffusion constant, corrections were applied for the photographic 
enlargement factor as well as for the optical distances of the lens 
from the cell and from the scale respectively. In the following, 
D designates the observed diffusion constant and D’ the diffusion 
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constant if corrections for the viscosity of the solvent were ap- 
plied, according to the equation 

D’ = D(n/m) (5) 


n/no is the relative viscosity of the solvent in respect to water. 
Diffusion constants are expressed in sq. em. per second. 
Results 
Diffusion Measurements 


The diffusion apparatus was tested for accuracy by measuring 
the diffusion constant of egg albumin in the presence of 0.2 m 








TABLE I 
Diffusion Constants of Serum Albumin in 0.2 m Acetate Buffer, pH 6.2, 
and 0.2 mu NaCl 
Protein concentration Time DX 0 
a ee i oy ma 
2.00 64,680 6.44 
86,940 6.35 
151,080 6.43 
1.33 67 ,620 6.10 
76,440 6.12 
86 , 940 6.28 
94, 860 6.01 
1.06 23, 940 6.52 
39,060 6.43 
90 , 220 6.26 
DL Ce aitas ch ba eitkeccs deta sunrnet ie 6.29 


w.. ite. ~ MEDEA ahs ae Rw ees cea d 6.80 


acetate buffer of pH 4.8 and of sodium chloride in a concentra- 
tion of 0.2m. The diffusion constant, corrected for the viscosity 
of the solvent, was found to be 8.61 X 10-7 sq. em. per second at 
25°, in good agreement with the data of the literature, recalculated 
for the same temperature (25, 27, 28). 

Table I summarizes our findings with three different concentra- 
tions of serum albumin in 0.2 m acetate buffer, pH 5.2, and 0.2 m 
NaCl. 

Lamm and Polson (25) reported a value of D’x) = 6.47 X 107 
as the average value for concentrations ranging from 0.93 to 
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2.0 per cent serum albumin. Recalculated, this value yields 
D's5 = 7.36 X 10-7 which is considerably higher than our value. 
Polson later reported a value of D's, = 6.10 K 10-7 (19) which is 
equivalent to D’,; = 6.98 X 10-7, in good agreement with our data. 

Diffusion measurements of serum albumin in aqueous urea solu- 
tions were carried out 24 hours or more after preparation of the 


TaBLe Il 
Diffusion Constants of Serum Albumin in Solutions of 1.5 and 6 m 
Urea, 0.2 m Acetate Buffer, pH 5.2, and 0.2 u NaCl 

{ = time in seconds, H,, = maximum ordinate, 2 4 = distance between 
the inflection points, H = ordinate of the abscissa, z, N = summation over 
all ordinates, D,, = diffusion constant calculated by the maximum height 
method, D, = diffusion constant calculated by the method of successive 
analysis, D = diffusion constant calculated by the statistical method, and 
D’ = diffusion constant corrected for the viscosity of the solvent. 


t Hm X 104 2a NX 108 H X 1 z Da X17 DXW DX WwW 


1.5 mM urea, 1.75% protein 


60,180 396 0.655 5.28 

88,380 | 327 0.810 336.4 5.50 

151,500 257 1.015 | 345.6 5.39 5.31 
Average 5.39 5.36 


a: ee 6.10 6.06 


6 m urea, 1.66°7, protein 


0.290 | 2.66 


23,400 778 

67,620 466 0.500 | 2.75 

90,900 400 0.595 582.6) 332 -0.18| 2.88 | 2.66 | 2.84 
242 | —0.30 | 2.92 
159 = —0.40 | 2.83 
314 0.20 | 2.73 
194 0.35 | | 2.76 

Average 2.76 | 2.66 2.82 

D’ ....| 4.19 | 3.96 | 4.28 


solutions. No influence of time of storage on the diffusion con- 
stants could be observed. Measurements were carried out with 
two different protein concentrations at a given concentration of 
urea. These were 1.75 and 1.16 per cent serum albumin respec- 
tively. 

Table II illustrates the agreement between the diffusion con- 
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stants computed by the various methods of calculation for serum 
albumin in solutions of 1.5 and 6 M urea respectively, in addition 
to the buffer components present. In most cases normalized 
curves were constructed from the data, and, with the exception 
of the 0.5 m urea solution, they coincided exactly with the ideal 
curves, showing that the protein was monodisperse.!. Taking an 
average of all observed diffusion constants at the various urea 
concentrations, we obtained the values summarized in Table ITI. 
In an attempt to decide whether the change of the diffusion con- 
stant may be due to the inapplicability of the viscosity correc- 


Tase III 
Average of All Observed (D) and Corrected (D’) Diffusion Constants of 
Serum Albumin in Relation to Concentration of Urea in Solution 
All experiments refer to solutions containing 0.2 m acetate buffer, pH 
5.2, and 0.2 m NaC! in addition to protein and urea. 7/no is the relative 
viscosity of the solvent in respect to water. 








Conmpeieninn Dx 10 = | D’ x 107 
. | 
0 6.40 1.070 6.85 
0.5* 5.68 | 1.092 | 6.20 
1.5 5.37 1.133 6.08 
3.0 4.62 1.231 | 5.69 
4.5 3.39 1.309 4.45 
6.0 2.82 1.512 4.27 
6.66 2.55 1.590 | 4.15 





* This solution proved to be slightly polydisperse. 


tion (Equation 5), we have carried out diffusion measurements of 
serum albumin in the presence of sodium salicylate which, even in 
low concentration, produces a manifold increase of the viscosity 
of the solvent. The observed diffusion constants of serum al- 
bumin in the presence of 0.2 m sodium chloride and 0.2 m acetate 
buffer, pH 5.2, were for 1 m and 3.5 m sodium salicylate 4.29 xX 
10-7 and 9.0 X 10~* respectively. Correcting for the viscosity of 


1 Slight deviations from monodispersity, due to the presence of two or 
more molecular species of different molecular weights or shapes but almost 
identical diffusion constant, could only be detected by sedimentation 
analysis. 
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the solvent, we obtained the values of 6.6 X 10~? and 6.3 X 10-7. 
This is in close agreement with the values found for the protein in 
aqueous buffer solution, in spite of a viscosity correction of 700 
per cent in the higher salicylate concentration. 

Tiselius and Gross (28) found the diffusion constant of proteins 
to be independent of the pH within a certain range, and we 
found the same to be true for serum albumin in the presence of 
3murea. This is illustrated by Table IV. 

In investigating the nature of the process whereby the protein 
undergoes changes, as indicated by diffusion measurements in 
urea solutions, we performed experiments to determine the con- 
centration of urea that was sufficient to prevent the coagulation of 
dilute serum albumin solutions by heat. Twelve 4 cc. samples 
containing 1.18 per cent protein, acetate buffer 0.2 m at pH 5.2, 


Tasie IV 

Diffusion Constants of Serum Albumin in Presence of 3 m Urea, in 
Relation to pH 

The protein concentration was 1.16 per cent. 





Buffer solution pH D’x 07 


Acetate buffer 0.2 m, NaCl 0.2 m 5.23 5.69 
Phosphate “ 0.2“ “ 0.2“ 6.30 5.50 
5.42 


Acetate wt ee ety ees : 3.50 


0.2 m NaCl, and urea ranging from 1.25 to 4.0 M, in steps of 0.25 M, 
were made up in small test-tubes. They were allowed to stand 
for at least 24 hours and then immersed in boiling water. A pre- 
cipitate was formed almost immediately in all cases, but on con- 
tinued heating for 35 minutes the precipitate in the solutions con- 
taining more than 3.0 mM urea disappeared completely. On 
repetition of the experiments with solutions containing the same 
protein and urea concentrations, but no buffer and sodium chlo- 
ride, the same results were obtained except that the lower limit of 
the necessary urea concentration for preventing heat coagulation 
was reduced to 2.0m. The results of these latter experiments are 
doubtful, however, as the solutions became alkaline upon heating, 
with pH in all cases higher than 7.5. This in itself would help to 
prevent coagulation. 
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The effect of heat denaturation upon the properties of serum 
albumin was further investigated by determining the diffusion 
constant in acetate buffer of pH 3.23, and in acetate buffer of 
pH 5.25 plus 3.0 m urea, after these solutions had been heated for 
15 minutes to 100°. The results of these investigations are given 
in Table V. The inconsistency of the D,, and D values in Table V, 


TABLE V 
Diffusion Constants of Heat-Denatured Serum Albumin 


t = time in seconds, H,, = maximum ordinate, 2 u = distance between 
the inflection points, N = summation over all ordinates, D,, = diffusion 
constant calculated by the maximum height method, D = diffusion con- 
stant calculated by the statistical method, D’ = diffusion constant cor- 
rected for the viscosity of the solvent, and /no = relative viscosity of 
the solvent in respect to water. The protein concentration was 1.16 per 
cent. 


t | Hm X 108 2u- | NX10 | DaX107 | DX 107 = 
| 0 





A. Coagulation prevented by acetate buffer, pH 3.23, and 0.2 m NaCl 





59, 760 | 630 0.205 | 492.9 0.854 2.59 1.032 
72,960 | 502 0.290 506.7 0.521 2.08 
Average..... PO 2 -eeere 0.688 2.34 

ea ee a Pees ’ 0.710 2.41 


B. Coagulation prevented by 3.0 m urea in addition to 0.2 m acetate buffer, 
pH 5.2, and 0.2 m NaCl 





45,000 | 570 «=| 0.272 1.22 1.233 
58, 560 502 0.316 | 384.4 1.26 2.31 
73,800 | 446 | 0.348 | 336.4 1.22 | 2.27 
Average............ 1.23 2.29 

| 1.52 2.82 


A is indicative of the very polydisperse character of heat-de- 
natured serum albumin on the acid side of its isoelectric point. 
This was even more apparent when the normalized experimental 
points were compared with the ideal distribution curve. Al 
though the various D,, and D values of Table V, B agree among 
themselves exceptionally well, the D,, values do not agree with the 
D values, and a comparison of the experimental and ideal diffusion 
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curve indicated that the material was only slightly less polydis- 
perse than that obtained by heat denaturation at pH 3.23 in the 
absence of urea. 


Viscosity Measurements 


In these experiments, the relative viscosity of the protein solu- 
tion was compared with that of the respective solvent by keeping 
the composition of the solvent constant during a given set of de- 
terminations and varying the protein concentration. The pro- 
tein concentration was never higher than 1.75 per cent in order 
to avoid structural viscosity effects, as they have been observed 
at high protein concentrations (29). The volume concentration 
was calculated from the weight concentration and the partial 
specific volume of serum albumin (30). Comparative measure- 
ments indicated that the partial specific volume was not changed 
by the addition of urea, which is in keeping with Steinhardt’s 
(4) observations for hemoglobin. Furthermore, we have ascer- 
tained that the viscosity of the solutions of protein in the pres- 
ence of urea was independent of time, if sufficient time after mix- 
ing was allowed for the reaction to become complete. The 
solutions contained in addition to protein and urea, 0.2 mM acetate 
buffer at pH 5.2, and 0.2 m sodium chloride. By plotting the 
specific viscosity, ((n/no) — 1), against the volume concentration 
of protein, y, the limiting slope was determined graphically and 
is listed with the other data in Table VI. Deviations of the limit- 
ing slope from the value of 2.5, demanded by the Einstein equa- 
tion, was taken as evidence for the molecules being non-spherical. 
The ratio of the axes, on the assumption of prolate ellipsoids of 
revolution, was calculated from the limiting slope with the aid 
of Equation 4. The results of these calculations are listed in 
Column 5 of Table VI. Columns 6 and 7 refer to the dissymmetry 
constants and molecular weights respectively, calculated with 
Equations 2 and 1. 


DISCUSSION 


From the observed diffusion constants of serum albumin in the 
presence of urea, D’, and the calculated value for the diffusion 
constant of a spherical molecule of the molecular weight of 67,100 
(30), Dj> = 8.22 x 10-7, we have calculated the respective dis- 
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n/no = relative viscosity of solution in respect to solvent; ¢ = volume 
concentration of protein; b/a = ratio of long to short axis, on the basis of 
Kuhn’s equation; Do/D = dissymmetry constant; M = molecular weight. 


Urea 
(1) 
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TaBLe VI 
Viscosity Measurements of Serum Albumin in Buffered Urea Solutions 


Limiting 
slope 
(4) 


6.50 


6.60 


7.40 


8.7 


16.4 


19.6 





b Do 
a D 
(5) (6) 
8.0 1.43 
8.3 1.45 
| 
| 
8.9 | 1.49 
| 
10.0 1.55 
14.9 1.77 
16.5 1.85 
17.9 1.91 


| 





M 


(7) 


72,200 


100 , 000 


99, 200 
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symmetry constants, and, with the aid of Equation 2, the ratios 
of the axes, b/a. These values are listed in Columns 3 and 4 of 
Table VII. It may be seen that, according to these data, the pro- 
tein molecules become more elongated as the urea concentration 
increases. The discontinuity in the increase of the shape factors 
in the neighborhood of 3 M urea manifests itself also, in that this 
is the minimum concentration of urea which prevents the floccu- 
lation of serum albumin by heat. There are, apparently, abrupt 
structural changes associated with this particular composition of 
the solvent. 


TasBie VII 
Diffusion Constants and Shape Factors of Serum Albumin in Urea 
Solutions 
Molecular weight 67,100, D> = 8.22 X 10-7. a = length of short axis 
of molecules. 


Urea | pxe | De | Ll . 
D’ a 
(1) | (2) @) (4) (5) 
7 A. 
0 6.85 1.20 4.3 33.9 
0.5 6.20 1.33 6.1 29.5 
1.5 6.08 1.35 6.5 28.9 
3.0 5.69 1.44 8.0 25.6 
4.5 4.45 1.85 16.5 21.2 
6.0 4.27 1.93 18.3 20.5 
1.98 19.4 20.1 


6.66 4.15 


The absolute dimensions of the serum albumin molecule, cal- 
culated from b/a and the molecular weight, approach with in- 
creasing urea concentration values of 20.1 and 358.8 A. for the 
short and long axis respectively (Table VII, Column 5). It will 
be remembered that the side chain spacing of polypeptide chains, 
of the folded as well as of the fully extended type, is about 9.5 to 
10 A. (31). The speculation may be allowed that, in the urea- 
denatured state, the serum albumin molecule consists of two 
polypeptide chains held together by disulfide groups of cystine 
residues (13). This hypothesis would concur with the findings 
(8) that with proteins which do not contain sulfhydryl groups, but 
which are rich in cystine, such as serum albumin, an increase of 
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the number of detectable disulfide groups takes place upon de- 
naturation. It may indeed be expected that in an extended 
configuration of the protein molecule, disulfide groups are more 
accessible for the testing reagent than in a condensed structure. 

Evidence for the occurrence of unfolding of polypeptide chains 
upon protein denaturation is also available from surface film work 
and from x-ray studies. Bull (14) has shown that monolayers of 
native (surface-denatured), heat-denatured, and urea-denatured 
egg albumin respectively, possess similar structures and proper- 
ties, and their identity with the structure of 8-keratin has recently 
been established (32, 33). x-Ray studies of heat-denatured 
proteins, and of protein fibers produced by treatment of egg al- 
bumin and edestin with concentrated urea solutions, point in the 
same direction (13). 

Our viscosity data, interpreted with Kuhn’s equation, are in 
qualitative accord with the diffusion data, as may be seen from 
Table VI, Columns 5 and 6. The absolute values for b/a are, 
however, too high in low concentrations and too low in high 
concentrations of urea, as compared with the values obtained from 
diffusion experiments. Accordingly, molecular weights calculated 
from viscosity data with Equations 4, 2, and 1 are too low and too 
high respectively? (Table VI, Column 7). Kuhn’s equation is 
for the limiting case of strong Brownian motion or negligible 
velocity gradient. Restrictions of geometrical and physical 
nature arise by the application of Kuhn’s equation to molecules 
which differ in shape from the model which has been used in 
Kuhn’s calculations. The application of Einstein’s incompressi- 
bility term for spherical particles (2.5) to non-spherical particles 
may likewise be open to objections.» We have shown previ- 
ously (35) that the assumption of strong Brownian motion may 
not be fulfilled if very elongated protein molecules are allowed to 
flow through the capillary of an Ostwald viscosimeter. It is prob- 
able that owing to the orientation of such anisotropic particles in 
the streaming liquid the observed viscosity is lower than that 


* Interpretation of the viscosity data by other equations, such as that 
suggested by Eisenschitz (34), would lead to even greater deviations from 
the theoretical value of the molecular weight. 

* We are indebted to Dr. M. L. Huggins for helpful discussions of this 
problem. 
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which would be observed if the orientation of the particles were 
random. Hence, the actual viscosity of serum albumin in high 
urea concentration may be higher than that reported in this 
paper. This problem is the subject of further investigations and 
will be discussed in a subsequent publication. 


SUMMARY 


1. Diffusion and viscosity measurements of native, urea- 
denatured, and heat-denatured serum albumin have been carried 
out. The diffusion constant has been found to decrease with 
increasing concentration of urea, whereas the relative viscosity 
increases with increasing urea concentration. Heat denaturation, 
carried out in the presence of 3 M urea or at pH 3.2 respectively, 
likewise results in a decrease of the diffusion constant. Solutions 
of urea-denatured serum albumin have been found to be mono- 
disperse if the urea concentration is higher than 0.5 m, whereas 
those of heat-denatured serum albumin are heterodisperse. 

2. Calculations of molecular shapes from diffusion data, on the 
assumption of unchanged molecular weight, indicate that the 
protein molecules become more elongated as the urea concen- 
tration increases. The absolute dimensions, for the model of an 
ellipsoid of revolution, approach values of 20 and 359 A. for the 
short and long axes of the protein molecule respectively. It is 
suggested that in the fully denatured state the serum albumin 
molecule consists of two extended polypeptide chains probably 
held together by disulfide groups of cystine residues. 

3. Viscosity data, interpreted by Kuhn’s equation, are in 
qualitative accord with the diffusion data. It has been found, 
however, that molecular weights calculated from diffusion and 
viscosity data are too low in regions of small dissymmetry con- 
stant and too high in those of large dissymmetry constant. These 
deviations are related to the limitations of Kuhn’s viscosity 
equation. 
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Deaminized casein is grossly inadequate as the sole source of 
nitrogen, so in our studies of its nutritional properties it has been 
combined with other proteins. It has been shown in earlier papers 
(1, 2) that when deaminized casein is combined with gelatin or 
gliadin, or a laboratory preparation of lactalbumin, and fed to rats 
they become severely anemic, fail to grow, and die. Surprisingly 
enough, if deaminized casein is combined with normal casein in the 
diet, the rats do not become anemic and they grow normally. If 
normal casein is hydrolyzed and the hydrolysate combined with an 
anemia-producing ration, then the animals recover from the 
anemia and growth is normal. It is almost certain that the anti- 
anemic activity of hydrolyzed casein is explained by its amino 
acid content; the purpose of this paper is to report subsequent 
attempts to obtain the active agent in more concentrated form. 


EXPERIMENTAL 


In order to save time and expense the rats are first made anemic 
by the procedure of Elvehjem and Kemmerer (3) before the 
experimental period begins. They are then placed in individual 
cages and transferred to the experimental ration, No. 2149, made 
up as follows: 


Deaminized casein....... 10.0 Agar... ; 2.0 
Lactalbumin..... 15.0 Salts (4).........°. . 4.0 
Corn-starch.............. 52.5 Cod liver oil....... HD 
Milk fat... .. <2 . 12.5 Water extract of yeast.... 2.0 


* Contribution from the Department of Agricultural Chemistry, Mis- 
souri Agricultural Experiment Station, Journal Series, No. 596. 
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When the various amino acid mixtures to be tested were included 
in the ration, they displaced an equivalent weight of starch. In 
later descriptions of individual rations, therefore, only the kind 
and amount of the nitrogenous constituents will be specified, as the 
other constituents either remain constant or are readily calculated. 

Fractionation of Hydrolyzed Casein—The methods are combina- 
tions of those applied previously by other investigators, and will be 
indicated by a brief description of the first instance in which the 
procedure now followed was used. 3 kilos of casein were hydro- 
lyzed with 1490 gm. of concentrated sulfuric acid and 3 liters of 
water for each 500 gm. of casein. The sulfuric acid was then 
removed with barium hydroxide, and the amino acid mixture was 
concentrated to 20 liters. One-sixth of this was removed for 
another purpose but tests showed that it was effective in curing 
anemic rats. The remainder of the amino acid solution was 
concentrated to a volume of 4.5 liters. This was packed in ice for 
2 days and then the soluble and insoluble amino acids were sepa- 
rated by filtration. The insoluble amino acids were washed with 
ice water and the washings added to the more soluble portion. 
When tested, it was found that the insoluble amino acids were only 
slightly effective in curing the anemic animals, and the soluble 
amino acids were highly effective. 

Since the soluble amino acids contained most of the activity, 
they were subjected to further fractionation. Solid Ba(OH). was 
added in 30 per cent excess (5) and the mixture was poured into 
4 volumes of 95 per cent ethyl alcohol and packed in ice for 2 days. 
The dicarboxylic acid fraction which was precipitated was filtered 
off and washed with 70 per cent alcohol. The alcohol was removed 
from the filtrate by distillation under reduced pressure, and the 
excess barium was precipitated with sulfuric acid and filtered off. 
The dicarboxylic acid fraction was decomposed with sulfuric acid, 
and, after removal of the barium sulfate, both fractions were 
examined to see which contained the larger proportion of the 
antianemic agent. The dicarboxylic acid fraction was ineffective 
in curing anemia and it accelerated the rate of growth slightly or 
not at all. The amino acids not precipitated as barium salts by 
alcohol were very effective both in curing anemia and in support- 
ing growth. 

For the next stage in concentration two methods have been 
considered, the first of which is the butyl alcohol extraction method 














R. E. Guerrant and A. G. Hogan 365 


of Dakin (6). Half of the remaining amino acids was used, and 
it developed that the butyl alcohol-soluble portion had very slight 
activity and that the insoluble portion was highly active. All 
details will be omitted though, as this procedure was abandoned 
when it became apparent that the second method gave some 
promise of being more useful at this stage. In the second method 
the remainder of the amino acid mixture was subjected to copper 
salt fractionation as described by Caldwell and Rose (7). The 
three copper salt fractions obtained were freed of copper by hydro- 
gen sulfide, and the solutions of the amino acids were evaporated 
to dryness. The amino acids whose copper salts are soluble in 
water were gummy, so they were partially converted into calcium 
salts in order to make them friable enough to be handled easily. 
5 gm. of calcium hydroxide were added to the fraction that is 
soluble in methyl alcohol, and 20 gm. to the fraction which is 
insoluble in methyl alcohol. The weights of the three fractions 
are (1) copper salts insoluble in water, 27.0 gm.; (2) copper salts 
soluble in water and soluble in methy! alcohol, 50.0 gm. ; (3) copper 
salts soluble in water but insoluble in methyl alcohol, 200.0 gm. 

Inspection of the weights shows that the amount of amino acids 
whose copper salts are insoluble in water is relatively small, so if 
this fraction contains most of the active principle it must be very 
concentrated. At first therefore only 50 mg. daily of this fraction 
were supplied as a supplement to the basal diet. When this 
amount was found ineffective, it was increased to 100 mg. and later 
to 200 mg. daily, but even the latter amount was without retarding 
effect on the anemia. 

The amino acids from the copper salts soluble in both water 
and methyl alcohol were supplied in amounts of 50 and 100 mg. 
daily, as a supplement to the basal diet, and also as 2 to 4 per cent 
of the ration. At none of these levels was this fraction effective 
in curing anemia. 

There remains then Fraction 3, the amino acids whose copper 
salts are insoluble in methyl alcohol but soluble in water. The 
rations which contained this fraction were modifications of Ration 
2149, obtained by substituting the amino acid mixture for an 
equal weight of starch. The following are the substituted 
amounts: Ration 3038, 5 per cent; Ration 3039, 10 per cent; 
Ration 3042, 2 per cent; Ration 3075, 3 per cent. 

When the rats received the ration which contained 5 per cent of 
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Fraction 3, they recovered as quickly and grew as rapidly as when 
it contained 10 per cent, or as when it contained 10 per cent of 
casein itself. 2 per cent of this fraction was not enough, as only 
one of the three animals on this amount recovered. Another 
preparation of this copper salt fraction, which had been extracted 
still more thoroughly with methyl alcohol, cured anemia and sup- 
ported growth at a level of 3 per cent. 100 mg. daily of this 
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Fic. 1. The effect on anemia of various fractions of amino acids. Hydro- 
lyzed casein was separated into three fractions by the copper salt method. 
The fraction which is soluble in water and insoluble in methyl! alcohol, 
Graphs 4 to 7, cures anemia caused by deaminized casein. The other two 
fractions are inactive, Graphs 2 and 3. Wheat gluten is suitable for use in 
anemia-producing rations, Graph 8. 
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second preparation, as a supplement to Ration 2149, is not enough, 
as only one of the two animals observed recovered and it grew 
slowly. The other died at the end of 16 days. Additional data 
on the red cell counts and rate of growth are summarized in Fig. 1. 

There is no doubt that Fraction 3 is the most active but it 
seemed possible that more than one factor might be concerned. 
If this supposition is correct, then a considerable part of one of the 
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active agents might be in either the fraction which is soluble in 
methyl alcohol or in the fraction which is insoluble in water. To 
test this hypothesis the methyl alcohol-insoluble portion was 
supplemented with each of the others. The methyl alcohol- 
soluble fraction seemed to increase the growth rate but the 
recovery from anemia was not markedly affected. The amino 
acids from the water-insoluble fraction were altogether ineffective. 
It is concluded then that whatever the number of amino acids 
concerned may be, Fraction 3 is the most concentrated source of 
all of them. 

The total potency of Fraction 3 is much less than that of the 
casein from which it was obtained. A portion of the active agent 
may have been destroyed by the chemical procedures, but more 
probably it was lost in the various stages of the separation process. 
A clear cut separation of amino acids cannot be obtained by the 
procedures employed. 

Amino Acid Supplements—The next problem is the identifica- 
tion of the active agent, and though this has not been achieved the 
preliminary experiments will be described briefly. It was hoped 
that the distribution of the amino acids in the various copper salt 
fractions would be a useful guide, and so previous reports on the 
composition of these fractions were taken as a starting point. 
The amino acids whose copper salts are soluble in water, but 
insoluble in methy] alcohol (7), are glycine, glutamic acid, arginine, 
alanine, hydroxyglutamic acid, histidine, serine, tyrosine, and 
lysine. 

Of these nine it is probable that only six are present in Fraction 3 
in any considerable amount. Most of the tyrosine was precipi- 
tated in the first concentration of the entire amino acid mixture. 
At a later stage the barium salts of glutamic acid and hydroxy- 
glutamic acid were precipitated with alcohol. This precipitate 
probably contained in addition a considerable portion of 
glycine (8). 

Our chief interest was at first confined to the six amino acids 
that should be present in the active copper salt fraction. Hogan 
and Ritchie (1) had failed to find antianemic activity in lysine, 
and Smith and Stohlman (9) had been equally unsuccessful with 
lysine and histidine. Arginine, alanine, and serine were regarded 
as the most promising, therefore, but histidine was included also 
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to confirm the report of Smith and Stohlman. Each of these 
was tested separately at a level of 50 mg. daily, as a supplement 
to the basal ration, but none effected any improvement in the 
anemic condition. It was then decided to try glycine, glutamic 
acid, and tyrosine, at levels of 100 mg. daily. Aspartic acid does 
not belong in Fraction 3 but since it was available it too was tried. 
All four were entirely inert. 

Inasmuch as the results with the amino acids supposed to be in 
Fraction 3 had been disappointing, it was decided to try some of 
the others. It seemed probable that the substance sought is an 
essential amino acid, so threonine, valine, phenylalanine, leucine, 
and isoleucine! were tried separately, at levels of from 50 to 100 
mg. daily. None was effective. Three essential amino acids 
remain then which have not been investigated at this time, lysine, 
methionine, and tryptophane. The reason for omitting lysine 
has been mentioned; it had not shown curative properties in earlier 
trials. According to Hogan and Ritchie (1) methionine and 
tryptophane had offered no promise of usefulness, so these two 
were also omitted. 

Enlargement of Spleen—In our experience the only abnormality 
of the internal organs that has been consistent is an enlargement 
of the spleen, which often becomes several times the normal size. 
This was first observed on postmortem examination of rats that 
had died while severely anemic, and it was supposed at the time 
that the spleen was in some way involved in the disappearance of 
red blood cells. However, further study showed that the spleen 
may enlarge during recovery. It seems more probable then that 
the increase in size is related to an accelerated rate of formation 
of erythrocytes, rather than to an increased rate of destruction. 
Hamre and Miller (10) observed that there is a relation between 
the size of the spleen and recovery from nutritional anemia. 

Fig. 2 shows that the spleens of anemic rats are from 1 to 4 
times as heavy as those from normal animals (11) of comparable 
weight. It should be pointed out though that there is no definite 
ratio, as the increase in size depends on both severity of the anemia 
and the length of the anemic period. Some of the rats for which 
results are shown in Fig. 2 had been given a curative treatment 


1 Practically all of the amino acids used recently were obtained from 
commercial sources. 
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and there is no reason to suppose that the spleens had decreased in 
size during recovery. The data give no indication as to whether 
the increase in size is persistent. 

Suitability of Proteins for Studies of Anemia Caused by Deamin- 
ized Casein—To digress from the main theme for a moment, it 
should be mentioned that different preparations of lactalbumin 
are not equally suitable for studies of this type of anemia. Most 
of the preparations permit a slow rate of growth with no increase 
in the number of red blood cells, but on a few preparations the 
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Fic. 2. Enlargement of spleen in anemic rats 


animals will recover spontaneously. It is assumed that this 
difference is due to variability during the separation process. The 
skim milk is heated with live steam in 50 gallon barrels in order to 
precipitate the albumin, and for various reasons there may be 
considerable variation in the time during which the protein is 
exposed to high temperatures. Recent papers (12, 13) indicate 
that this variability may be a factor of some importance. A 
mixture of gliadin and gelatin may be used but as these pro- 
teins are expensive a search was made for a substitute. It 
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developed that either wheat or corn gluten is satisfactory, but 
wheat gluten is preferable, as it has a higher biological value. 
When this protein is used, Ration 3211, it displaces the lactalbumin 
of Ration 2149. As shown in Fig. 1 (Graph 8), when rats receive 
deaminized casein and wheat gluten they not only become anemic, 
but they also fail to make any consistent gain in weight. 


DISCUSSION 


When it was first discovered that casein is effective, and lactal- 
bumin ineffective, in preventing anemia due to deaminized casein, 
it was hoped that the percentages of amino acids they contain 
might explain this difference in behavior. According to the 
compilation published by Schmidt and Allen (14) six different 
amino acids are present in markedly smaller proportions in lactal- 
bumin than in casein, as shown below. 








., | Lactal- ene Pers oe 

| Casein | ‘bumin | Casein | bumin 

| percent | per cent | percent | per cent 
Glutamic acid..... 21.8 | 12.9 Hydroxyproline 0.2 | Trace 
Phenylalanine... .. 3.9 | 1.3 | Tyrosine.... 4.5 | 2.0 


Proline..............| 7.6 | 3.8 | Valine... 


7.9 3.3 





As was mentioned previously, the possibility that glutamic acid, 
phenylalanine, tyrosine, and valine might be involved was tested 
by adding them directly to the anemia-producing ration, with 
negative results. 

If any of the amino acids are involved in this syndrome, it seems 
highly probable that they belong to the group classified as essen- 
tial, but all attempts made thus far to identify the active agents 
with this group have failed.. On the other hand the anemia- 
producing substance of deaminized casein may be detoxicated by 
some non-essential amino acid, and thus the essential amino acids 
may not be concerned in the process. It may be also that there 
are unsuspected gaps in our knowledge of the constituent amino 
acids of casein and lactalbumin. Another possibility is that when 
deaminized casein is in the ration the animals require more of 
certain amino acids than they do when this protein is absent, and 
that the amino acids were offered in too small an amount to be 
effective. In future attempts to solve the problem chief reliance 
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will be placed on a more complete fractionation of the active copper 
salts, combined with the use of increased amounts of amino acids, 
individually and in combination. 

Since it now seems certain that this type of anemia can be pre- 
vented by certain of the amino acids, a solution of the immediate 
problem can be anticipated with some confidence. One can also 
anticipate that the solution will raise other questions which at this 
time seem equally puzzling. Casein is highly effective as the 
antianemic agent. The laboratory preparation of lactalbumin, 
wheat gluten, or a mixture of gelatin and gliadin is not effective. 
Our present knowledge of the constituent amino acids of these 
proteins does not suggest a satisfactory explanation for this 
difference. 


SUMMARY 


1. Of the proteins examined casein is the most potent source of 
the antianemic agent. A considerable portion of the activity 
remains after hydrolysis. Lactalbumin is relatively ineffective, 
and both corn and wheat gluten are still more deficient. 

2. The antianemic agent is not extracted from hydrolyzed 
casein by butyl alcohol. 

3. The antianemic agent forms a copper salt soluble in water 
but insoluble in methy! alcohol. 

4. The anemic animals were not cured by supplying them with 
amino acids supposed to be in this copper salt fraction. Supple- 
ments of the individual essential amino acids which were not 
expected to be in this fraction were equally ineffective. 

5. The spleens of anemic rats were much enlarged. 
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THE COMPOSITION OF THE TISSUE LIPIDS OF THE 
VIRGINIA WHITE-TAILED DEER (ODOCOILEUS 
VIRGINIANUS BOREALIS) 
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(From the Laboratory of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, February 9, 1939) 


This report on the composition of the lipids extracted from six 
different tissues of the Virginia white-tailed deer (Odocoileus 
virginianus borealis) was made possible through the cooperation 
of the Department of Forest Zoology, School of Forestry, Univer- 
sity of Michigan.' For some time this Department has been 
observing a herd of these animals living on the Edwin 8. George 
Reserve, Museum of Zoology, located in Livingston County 24 
miles northwest of Ann Arbor. The present herd is from a stock 
of four does and two bucks transported from Grand Island during 
the years 1926-27. These animals are all in good nutritional 
condition and their diet is one which most nearly simulates their 
natural one. A study of the lipids seemed desirable, since no 
record has been made of the chemical composition of the fatty 
substances of this species. 

In our study the tissues from five animals were available. The 
deer were all shot on the same day during the winter of 1938. 
Two of the animals (Nos. 2 M. and 3 M.) were found to be infected 
with a lung parasite, but their remaining tissues were toall appear- 
ances normal. The tissues were removed as soon as possible after 
death, immediately placed in jars, covered with 95 per cent 
alcohol, and transported to Ann Arbor where they were stored 
in a refrigerator until analysis. 

The lipids were extracted and prepared for analysis in the follow- 
ing manner. The alcohol was poured off from the sample and 


! We wish particularly to express our thanks to Professor E. C. O’Roke 
and Mr. F. C. Goble for their assistance in this matter. 


373 








Lipids of Deer Tissues 





eventually combined with the subsequent extracts. The tissue 
was then cut into small pieces, ground with sand in a mortar 
under 95 per cent alcohol, and transferred to a flask with aliberal 
amount of 95 per cent alcohol. The mixture was then refluxed 
for 15 minutes, allowed to settle, and the supernatant liquid 
decanted. Refluxing was repeated three times with 95 per cent 
alcohol and once with absolute alcohol. The residue which now 
consisted mainly of connective tissue was again ground with sand 
and then extracted four times by refluxing with anhydrous ethyl 
ether for 5 minute periods. These alcohol and ether extracts 
were combined with the alcoholic solution originally poured off 
and concentrated in vacuo at 50-60° until practically all of the 
solvents had been distilled off. The oily residue was taken up 
in purified petroleum ether (b.p. 30-60°, iodine number 0). This 
petroleum ether solution was washed three times with water, 
dried over anhydrous sodium sulfate, and, after filtration, diluted 
to a definite volume with petroleum ether. Aliquots were used 
for the determination of total lipids, iodine number (Wijs), 
saponification number, thiocyanogen number, solid and liquid 
fatty acids,’ and total sterols. Total lipids were determined in an 
aliquot transferred to a weighed flask. The solvent was removed 
by distillation in vacuo and the residue dried to constant weight 
in a vacuum desiccator over phosphorus pentoxide. The solu- 
tion that remained after the saponification number had been 
estimated was used for total sterol determination. This residual 
solution was made distinctly alkaline with 5 cc. of 50 per cent 
sodium hydroxide and extracted four times in a separatory funnel 
with 75 cc. portions of ethyl ether. The combined ether extracts 
were washed with water until the aqueous extracts were neutral 
to phenolphthalein. These washings were extracted twice with 
ethyl ether and the extracts washed as above. The ether in the 
united extracts was distilled off in vacuo and the residue taken 
up in an equal mixture of absolute alcohol and anhydrous ace- 
tone. The total sterols were then determined photometrically 
by the method of Schoenheimer and Sperry (2). The oleic and 


* The procedures used for thiocyanogen number and solid and liquid 
fatty acid determinations are those recommended in a report of the Com- 
mittee on Analysis of Commercial Fats and Oils, American Chemical 
Society (1). 
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linoleic glycerides were calculated from the iodine and thiocy- 
anogen numbers. 


Source of lipids 


Pericardial 


Average.... 


Perirenal 


Average. . 


Omental 


Average.... 


Mesenteric 
Pericecal 
Mammary 


General 
average} 





é 6 . Fatty acids 
Zz A Glycerides of of total 
. = total lipids* fatty iy 
Animal 3§ & acidst . x 
|No.and| % = —| solid 
—_ = i | 2 3 ~~ | acids 
1eie 13 /elalelal3 
| # | im = | ro) a E lw 
‘per | per | per per per 
| cent cent “dent | cent cent 
| 1M. |194.8) 29.0) 26.7) 2.7/28. 331.064.135.9 4.5 
ft 4 193.1 28.6 24.4, 4.923.528.464.535.5 6.7 
© ey 191.0 29.8 27.3. 2.928.831.765.434.6 5.5 
| 4 F. (196.7) 29.0) 26.2) 3.2'27.2'30.464.135.9] 3.0 
193.9) 29.1) 26.2) 3.4.26.930.464.5.35.5, 4.0 
| 1M. |193.4) 31.1) 27.2) 4.5'27.031.564.435.6) 2.3 
| 2 “ (192.7) 29.7) 25.1) 5.3'23.8/29.1 
| 3 “ (191.1) 28.9) 27.2, 2.0:29.6/31.666.133.9 4.7 
| 4 F. |193.8, 31.5) 28.6 3.429.933.361.039.0, 2.6 
| 5M. 1195. 8, 30.1) 26.8, 3.8.27.331.155.444.6 5.9 | 
193. 4) 30.3) 27.0 3.8/27.531.361.738.3) 3.9 
| 3M. |192.1) 34.4, 28.6 6.7 26.533.2 
| 4 F. /194.6) 32. 7 30.1, 3.0/31.9'34.958.042.0 3.4 
| 193.3 33.6 29.4 4.9129. 234. 1|58.0:42.0 3.4 
| 2M. |192.6 33.1) 30.1) 3.631. 535. 162. 737.3 6.7 
| 4F. (193.3) 27.4) 25.4) 2.327.229.563.436.6 3.8 
195.0, 40.6 38.9 2.043.245.1) | 
193.5 30.4 27.2 3.727.931.662.637.4 4.5 


Tasie I 
Composition of Tissue Lipids of Virginia White-Tailed Deer 


* Calculated from iodine and thicey anogen numbers. 
+ Caleulated from lead salts. 
t The values for mammary tissue were omitted in obtaining the general 


average. 


The data obtained are shown in Table I. 
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total 
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| cent 
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12 
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19 
21 
25 
16 
19 


20 


18 


It is evident from 


that summary that, with the exception of those in the mammary 
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gland, the tissue lipids are quite similar in composition. There 
are some exceptions particularly in the case of the linoleic glyc- 
erides but even these values are all of the same order of magni- 
tude. In the general average, the data on the mammary tissue 
are excluded, because the lipids therein are not considered to be 
depot fats, as is the case for the other tissue lipids. The following 
summation will be limited to the general averages. Those 
obtained for saponification, iodine, and thiocyanogen numbers 
were 193.5 (191 to 197),* 30.4 (27.4 to 34.4), and 27.2 (24.4 to 
30.1) respectively. The total lipids contained 3.7 (2.0 to 6.7) 
per cent linoleic, 27.9 (23.5 to 31.9) per cent oleic, and 31.6 (28.4 
to 35.1) per cent liquid glycerides. 0.18 (0.12 to 0.25) per cent 
of the total lipids was in the form of total sterols and 62.6 (55.4 
to 66.1) per cent and 37.4 (33.9 to 44.6) per cent of the total fatty 
acids were respectively solid and liquid. It is evident from the 
iodine numbers of the solid fatty acids that the determination of 
these by the lead salt method was satisfactory. The saponifica- 
tion number and total sterol content of the mammary lipids were 
similar to those obtained for the other tissue lipids. The iodine 
and thiocyanogen numbers as well as the oleic glyceride contents 
were, however, all higher than the values recorded for the others. 
Too much emphasis should not be placed on these differences, 
since only one sample of mammary tissue was available. 

This general tendency towards a uniform composition of the 
different kinds of reserve lipids of our deer is in line with the obser- 
vations of Reed, Yamaguchi, Anderson, and Mendel (3) who 
reported that the distribution of the depot fat of the white rat was 
not influenced by the diet and that the degree of saturation of the 
lipids in the intermuscular, subcutaneous, perirenal, mesenteric, 
and omental tissues of the rat was essentially the same. Hen- 
riques and Hansen (4) found little difference between the reserve 
fats of the dog or the duck, but recorded a dissimilarity between 
the depot fats of the hog. The iodine numbers of our deer lipids 
are like those reported by Amthor and Zink (5) for the roebuck 
(25.7) and for the elk (35). Gadpole and Sadgopal (6) using the 
same method of calculation employed by us give values of 5.18 per 
cent linoleic and 35.58 per cent oleic glycerides for beef tallow and 


* The values in parentheses are the variations obtained. 
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6.85 per cent and 32.02 per cent respectively for mutton tallow. 
These values are like those recorded by us in Table I. 


This project was made possible by a grant from the Faculty 
Research Fund, administered through the Executive Board of the 
Horace H. Rackham Graduate School of the University of 
Michigan. 


SUMMARY 


The perirenal, pericardial, pericecal, omental, and mesenteric 
lipids of the Virginia white-tailed deer (Odocoileus virginianus 
borealis) were found to be quite uniform in composition. The 
average values for saponification, iodine, and thiocyanogen num- 
bers were 193.5 (191 to 197), 30.4 (27.4 to 34.4), and 27.2 (24.4 to 
30.1) respectively. The total lipids contained 27.9 (23.5 to 31.9) 
per cent oleic glycerides, 3.7 (2.0 to 6.7) per cent linoleic glycerides, 
31.6 (28.4 to 35.1) per cent liquid glycerides, and 0.18 (0.12 to 
0.25) per cent total sterols. 62.6 (55.4 to 66.1) per cent and 37.4 
(33.9 to 44.6) per cent were respectively solid and liquid fatty acids. 

The single sample of the total lipids of the mammary gland had 
a saponification number of 195, an iodine number of 40.6, and a 
thiocyanogen number of 38.9. These lipids contained 43.2 per 
cent oleic, 2.0 per cent linoleic, and 45.1 per cent liquid glycerides. 
The total sterol content of the total lipids was 0.14 per cent. 
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EFFECT OF CARBOHYDRATE AND FAT IN THE DIET ON 
URIC ACID EXCRETION 


By DAVID ADLERSBERG anp MAX ELLENBERG 


(From the Medical Service of Dr. George Baehr and the Laboratories of the 
Mount Sinai Hospital, New York) 


(Received for publication, February 16, 1939) 


Apart from an early observation by Umeda (1) of a single case in 
which a diet high in fat and low in carbohydrate led to a diminution 
of uric acid output, little attention was devoted to this phase of 
the uric acid problem prior to the introduction of the ketogenic 
diet in the treatment of epilepsy. This stimulated the study of 
the uric acid elimination during fasting in epileptic children, nor- 
mal persons being used as controls. All observers (2-6) reported 
that fasting resulted in decreased uric acid elimination in the 
urine. Leopold, Bernhard, and Jacobi (4) further showed that a 
high fat diet results in a marked decrease in the uric acid output. 
Their diet, used in children, was unusually low in carbohydrate, 
containing, daily, only 15 gm. of carbohydrate, 12 gm. of protein, 
and 110 gm. of fat. They also noted that a high carbohydrate, 
almost purine-free diet does not result in greater uric acid elimina- 
tion than that observed on a diet with an equally low purine 
content, and moderate amounts of carbohydrate. Lennox (5), 
in a very comprehensive paper, showed that the feeding of a high 
fat diet does not relieve the uric acid retention resulting from 
prolonged fasting, but that the feeding of carbohydrate results in a 
prompt rise in uric acid excretion. 

A state of acidosis and ketosis may be induced by a high fat, 
extremely low carbohydrate diet, as well as by prolonged fasting. 
The first may be considered an “exogenous”’ high fat diet, whereas 
the effect of fasting is essentially equivalent to an ‘‘endogenous’’ 
high fat diet. The diminished excretion of uric acid under both 
these conditions may therefore have been due to acidosis or ketosis. 
In fact, Lennox (5) demonstrated a fairly reciprocal relationship 
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between the blood uric acid and the plasma bicarbonate in the 
course of his fasting experiments. To rule out acidosis as dis- 
tinguished from ketosis, he added large amounts of sodium bi- 
carbonate but there was no increase in the output of uric acid. 
He also produced an acidosis, without ketosis, by administering 
calcium chloride but caused no change in the uric acid excretion. 
These observations excluded acidosis per se as the factor responsi- 
ble for the diminution in uric acid excretion during fasting or with 
high fat diets. It was still to be determined whether the high fat 
diet itself or the accompanying ketosis was responsible for the 
diminution of uric acid excretion. 

A review of the literature did not reveal any studies on uric acid 
excretion that differentiated the effect of the high fat diet from 
that of the accompanying ketosis in normal individuals. We 
attempted to determine this by giving high fat diets which, how- 
ever, included sufficient carbohydrates to prevent ketosis. 


Procedure and Method 


Seven patients were used as subjects. They were all afebrile 
and well along in convalescence from various diseases, none of 
which was related to uric acid metabolism. These subjects were 
first placed on a diet of 150 gm. of carbohydrate, 80 gm. of protein, 
and 100 gm. of fat (Diet I), to determine the average daily uric 
acid excretion for each individual. This was followed by a diet 
of 150 gm. of carbohydrate, 80 gm. of protein, and 250 gm. of fat 
(Diet II). Diet II represented an increase of 150 gm. of fat over 
that contained in Diet I, while the carbohydrate and protein 
content remained unchanged. The subjects were then returned 
to the basal diet of 150 gm. of carbohydrate, 80 gm. of protein, 
and 100 gm. of fat (Diet III). Three of the subjects were subse- 
quently given a fourth diet (Diet IV) which contained 350 gm. of 
carbohydrate in addition to the basal diet and was practically 
equivalent in calories to Diet II. The actual caloric values of the 
four types of diets were Diet I 1850, Diet II 3200, Diet ITI 1850, 
and Diet IV 3250 calories. 

Each day the total 24 hour urine was collected, with toluene as a 
preservative, measured, and analyzed for its uric acid content. 
The uric acid content was determined by Brown’s modification of 
the Benedict method (7). With each change of diet, the uric acid 
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of the blood serum was determined by the method of Benedict. 
During administration of the high fat diet (Diet II) frequent 
tests for acetonuria were performed. Occasional determinations of 
the carbon dioxide-combining power of the blood were also made. 


Results 


Table I presents the uric acid excretion of one of the subjects on 
the varied diets administered. On the basal diet (Diet I), the 


TABLE I 
Effect of High Fat and of High Carbohydrate Diets on Excretion of 
Uric Acid. Case 1, E. N. 


Urine 





Day =a Blood 
uric acid 
Amount Urie acid 
ce. mg. mg. per cent 

Diet I, 150 gm. carbohydrate, 1 1490 552 
80 gm. protein, 100 gm. fat 2 1120 515 

3 1200 | 567 1.9 
4 1400s 
Diet II, 150 gm. carbohydrate, 5 700 300 
80 gm. protein, 250 gm. fat 6 1350 450 
7 1450 430 

s 1400 480 2.2 
9 1460 382 
Diet II], same as Diet I 10 1510 600 
11 1820 510 

12 1540 568 1.8 
Diet IV, 500 gm. carbohydrate, 13 1600 550 
80 gm. protein, 100 gm. fat 14 1400 500 
15 1500 600 
16 2400 658 


daily uric acid excretion ranged between 505 and 567 mg., the 
average being 532 mg. On Diet II, which is rich in fat, the daily 
excretion varied from 300 to 480 mg., the average being 408 mg. 
This represented a 23 per cent reduction in uric acid excretion 
from that on the basal diet. A return to the basal diet, Diet III, 
resulted in a daily excretion ranging from 510 to 600 mg. of uric 
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acid, the average being 559 mg., which is only slightly elevated as 
compared with the first period. On Diet IV, which is high in 
carbohydrates, and of approximately the same caloric content as 
the high fat diet (No. II), the uric acid excretion ranged from 500 
to 658 mg., the average being 584 mg. This excretion is slightly 
greater than that observed with Diet III and is moderately ele- 
vated as compared with that of the original period on the basal 
diet (Diet I). 

Table II presents the average amounts of uric acid excretion of 
all subjects during each diet period. The average daily uric acid 
excretion on Diet I varied from 495 to 717 mg., thus indicating a 


Taste Il 
Average Daily Excretion of Uric Acid in Each Diet Period 


Diet IV, high 








; Diet II, higt ; 
Diet I, basal | tA ED Diet III, basal | Pd 
Case —ee - MERE ocean py 
" | t 
Days | uric | Pay*| urie | Pa* | Uric | Days | uric | Diet II 
diet | *id | diet | *i4 | dice | S14 | diet | seid 
mg. mg. mg. mg. per cent 
E. N. 4 532 5 | 408 3 559 4 584 23 
M. U. 3 717 5 527 5 | 673 4 | 687 28 
R. E. 3 | 523; 8 414 5 488 6 544 21 
Cc. 8. 3 | 617 7 510 1 506 17 
E. M. 5 | 6611 9 443 5 354 11 
L. M. 7 | 608 6 454 3 555 25 
9 | 495 7 


N. G. 377 ‘ 24 


wide range for different individuals, but the daily excretion in each 
individual ranged within much narrower limits. During the 
period on Diet II (high fat) the average daily uric acid excretion 
decreased in each case from 11 to 28 per cent. The average de- 
crease for all seven subjects was 21.3 per cent as compared with the 
basal diet (Diet I). A return to the low fat diet (Diet III) was 
followed in each of the cases, except one, by an increase in the daily 
uric acid excretion, the average value being moderately decreased 
as compared with the period of Diet I. 

Only three of our subjects were put on Diet IV. On this diet 
the average daily uric acid excretion was 605 mg., while the aver- 
age daily uric acid excretion of these three subjects on Diet I was 
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590 mg., on Diet Il 449 mg., and on Diet III 573 mg. While 
there was a very definite difference in uric acid excretion during 
the administration of the high carbohydrate and the high fat diet, 
a diminution of 25.8 per cent on the latter, there were only slight 
differences during the two periods on the basal diet and the carbo- 
hydrate diet. 

The duration of each period varied from 1 to 9 days. In all 
cases frequent examinations of the urine for acetone during the 
period on Diet II failed to reveal the presence of acetone bodies. 
The occasional determinations of the blood carbon dioxide-com- 
bining power revealed normal values. At times there was a slight 
elevation of the blood uric acid during the administration of high 
fat diet, as in Table I. However, this was not consistent and 
usually varied within the range of error of the method used. 


DISCUSSION 

The classical treatment of gout by means of a diet low in proteins 
and purines is still the customary basis of therapy. However, 
recent investigations have revealed the importance of the relative 
amounts of carbohydrate and fat, as well as of protein, in the diet. 
Earlier investigations, as outlined above, indicated that a diet high 
in fat and low in carbohydrate caused a diminution in the excretion 
of uric acid in the urine, and that this diminution was not due to 
the acidosis developed. Our experiments have further shown that 
neither the ketosis nor the high caloric value of the diet is the cause, 
and that the result appears to depend directly on the high fat 
content. 

The mechanism underlying these changes in the uric acid excre- 
tion is not determined. The observed diminution might be due 
to (1) diminished function of the kidney, (2) decreased absorption 
of purines from the diet due to a change in the amount of destruc- 
tion in the intestines, (3) diminished “endogenous” production of 
purines, (4) disturbance of the function of the liver in formation 
of uric acid, or (5) increased retention in the tissues. The first 
was suggested by the earlier investigators, who considered the 
change as a “‘retention,”’ but our data do not indicate a significant 
rise in blood uric acid. The second appears to us unlikely, in 
view of the low purine content of the diet. On the third, we have 




















384 Carbohydrate and Fat Effect 


no information. The fourth (diminished formation by the liver) 
seems at least plausible, since the influence of high fat diet and 
high carbohydrate diet on some functions of the liver is well known 
and has received extensive therapeutic application (as, for exam- 
ple, in diseases of the liver parenchyma). The fifth possibility 
(increased retention by the tissues) cannot be excluded, especially 
in view of the clinical effect of a high fat diet in causing an exacer- 
bation of symptoms in gouty individuals. This effect might also 
argue against the occurrence of decreased uric acid formation as 
the cause of diminished excretion, since it seems unlikely that a 
decrease in production would bring on the symptoms. 

The effect of a high fat diet on patients with gout was studied by 
Lockie and Hubbard (8). Each of four gouty patients whose 
symptoms had subsided was placed on a very high fat, low carbo- 
hydrate diet. This was accompanied by a prompt return of 
symptoms, as well as by a reduction in the uric acid output and a 
rise in the blood uric acid. These patients were then put on a 
high carbohydrate, low fat diet, with a prompt relief in symptoms. 
Their studies are open to criticism, since their high fat diets were 
very low in carbohydrate, containing only 20 to60 gm. However, 
the high carbohydrate diet which produced such beneficial effects 
varied in its content of fat and contained, in one instance, 130 gm. 
of fat per day. As soon as adequate clinical material has been 
obtained, we shall submit a report upon observations with similar 
diets on gouty patients. 

This clinical observation plus our results may have a direct 
bearing on the therapy of the gouty diathesis which many clini- 
cians believe to be more wide-spread than is commonly supposed. 
It would appear, therefore, that the diet in gouty patients should 
be low in purines to control the extrinsic factor, and low in fat 
content to control the intrinsic factors responsible for uric acid 
elimination. The resulting diet would therefore necessarily be 
high in carbohydrate content, with only moderate amounts of 
protein and fat. Mention may be made of the not infrequent 
association of gout and diabetes. The dietetic problem in these 
cases should now be greatly simplified, since our conclusions point 
to the value of a high carbohydrate diet in gout and the present 
tendency in diabetes is to employ a relatively high carbohydrate 
diet particularly with the use of insulin. 
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SUMMARY 


1. A high fat diet diminishes the uric acid excretion in normal 
individuals. 

2. Neither acidosis nor ketosis is of importance in this connec- 
tion, since these factors were controlled by sufficient amounts of 
carbohydrate in the diet. 

3. A high carbohydrate diet, calorically equivalent to the high 
fat diet, does not depress the uric acid elimination. 

4. The factor responsible for the decrease in uric acid excretion 
in the urine of subjects on a high fat diet is not the increased caloric 
intake, but is the high fat content itself. 

5. These observations support the use of a high carbohydrate, 
low fat, as well as a low purine diet in the treatment of the uric 
acid diathesis. 


We are greatly indebted to Dr. Harry Sobotka under whose 
direction and supervision the urine and blood analyses were 
earried out. 
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